







pETROI PUBLIC LIBRARY 


igen 


Y 
HNOLOS 
TePARTM ENT 


THE GEOLOGICAL SOCIETY 
OF AMERICA 


BULLETIN 














PUBLISHED BY THE SOCIETY. 





JULY 1961 





Council 


PRESIDENT 
Tuomas B. Noian, Washington, D. C. 


VICE-PRESIDENT 
M. Kine Huppert, Houston, Texas 


SECRETARY 
Freperick Betz, Jr., 419 West 117 Street, New York 27, N. Y. 


TREASURER 
J. Epwarp Horrmgister, Rochester, N. Y. 


COUNCILORS 


1960-1961 Horus D. Hepserc (past presipEeNnt) Princeton, N. J. 


1959=1961 


Joun C. Frye Roszrt P,SHarp (Cuarzes F. Park, Jr. E. F. Osporn 3 
Urbana, Ill. Pasadena, Calif. Stanford, Calif. University Park, Pa, 


1960-1962 


Norman D. Newgtt Vincent C. Kerrey Georce P. Wootrarp Harozp L. Jam 
New York, N. Y. Albuquerque, N.M. Madison, Wis. Menlo Park, Calif. 


1961-1963 
Epvuarpo J. Guzman J. M. Harrison E. B. Ecxer Cart Totman _ 
Mexico City, Mex. Ottawa, Ontario Denver, Colo. St. Louis, Mo, ~ 





COMMITTEE ON PUBLICATIONS 


WiiiraM C. Krumsein, Chairman Conferees ae 
E. N. Gopparp Freperick Berz, Jr., Secretary 
J. E. ArMsTRONG Acnes Creacu, Managing Editor 


EDITORIAL STAFF 


Acngs Creacu Barpara ANNE FLYNN 


Managing Editor 





> 
4 





Volun 





The Geological Society of America 


Bulletin 





Volume 72 July 1961 


Number 7 





CONTENTS 


Origin and development of the Three Forks Basin, Montana . . .G. D. Robinson 
Boulder deposit in Flint Creek valley, western Montana . . . . Chester B. Beaty 


Stromatolitic bioherms in the Maynardville (upper Cambrian) limestone, Tennes- 
see... ......... . « Charles R. L. Oder and James G. Bumgarner 


Origin of cyclothems of the Dunkard group (upper Pennsylvanian—lower Permian) 
in Pennsylvania, West Virginia, and Ohio. . . . . . . James R. Beerbower 


Submarine topography of the western Straits of Florida... .. 2... .. 
G. F. Jordon and Harris B. Siewart, Jr. 


Mohr construction in the analysis of large geologic strain . . . . . . W. F. Brace 
Stratigraphic classification of coals and coal-bearing sediments . Hollis D. Hedberg 


Early Mesozoic wind patterns as suggested by dune bedding in the Botucatu sand- 
stone of Brazil and Uruguay . . . . . Joao Jose Bigarella and Riad Salamuni 


SHORT NOTES 
Dedolomitization in the Tansill (Permian) formation nite apt ic oe ee aes 


Age measurements from a part of the Brazilian Shield 
Norman Herz, P. M. Hurley, W. H. Pinson, and H. W. Fairbairn 


1003-1014 


1015-1020 


1021-1028 


1029-1050 


1051-1058 


1059-1080 


1081-1088 


1089-1106 


1107-1110 


1111-1120 





Subscriptions $15.00 per year. Printing Office: Burlington, Vt. Second-class postage paid at Burlington, Vermont. 


Published monthly. 


Communications regarding publications should be addressed to The Geological Society of America, Dr. Frederick 


Betz, Jr., Secretary, 419 West 117 Street, New York 27, N. Y. 


Please give notice of change of address 4 weeks in advance. Claims for nonreceipt of the Bulletin of a given month 


must be sent to the Secretary of the Society before the end of the second succeeding month. 








PAPERS IN PRESS FOR FORTHCOMING ISSUES 
Cenozoic STRATIGRAPHY AND StRucTURAL GEoLocy, NorTHEAST YELLOWSTONE NATIONAL Park, 
Wyominc AND Montana. Charles W. Brown 


DispERSAL CENTERS OF PALEOzoIC AND LATER CLASTICS OF THE UpPER Mississipp1 VALLEY AND Ap- 
yacent Areas. Paul Edwin Potter and Wayne A. Pryor 


Pa.eosots oF Bermupa. R. V. Ruhe, J. G. Cady, and R. S. Gomez 
GEOLOGY OF THE SEAL Lake Area, Lasrapor. J. J. Brummer and E. L. Mann 
Arctic Basin Geomorpuotocy. Robert S. Dietz and George Shumway 


SrructuraL GEOLocy OF THE BEarTootH Mountains, Montana AND Wyomine. Richard M. Foose, 
Donald U. Wise, and George S. Garbarini 


NEW MEMOIR 


84. BrstiocrapHy oF Fossit VerTeBrates, 1949-1953. C. L. Camp and H. J. Allison. 532 pages 


Price, $8.25 
Special price to Fellows and Members of GSA, $6.00 


TECTONIC MAP OF MEXICO IN PRESS 


Compiled by Zoltan de Cserna. Scale 1:2,500,000. In full color. Planned for issue in August. 
List price $5.50 

Pre-publication price $4.75 

Special price to Fellows and Members of GSA, $4.00 


TREATISE ON INVERTEBRATE PALEONTOLOGY IN PRESS 


Part Q: ArtHropopa 3 (OstracopEs) 468 pages 
Planned for issue in August 

List price $11.50 

Pre-publication price $9.75 

Special price to Fellows and Members of GSA $8.50 


NEW CODE OF STRATIGRAPHIC NOMENCLATURE 


The new Code of Stratigraphic Nomenclature, prepared by the American Commission on Stratigraphic 
Nomenclature, appeared in the May 1961 issue of the Bulletin of the American Association of Petroleum 
Geologists, pages 645-655. Separates are available from the AAPG, Box 979, Tulsa 1, Oklahoma, for 50 
cents each, postpaid; 20 per cent discount in lots of 50 or more. 

Authors of papers to be submitted to GSA for publiction are requested to follow the usage established in the 
new Code. 





Or 
of. 


Abstr: 
sintrica 
of the 
front 
morpl 
Root, 
easteri 
the wi 
bound 
structt 
Tert 
porane 
equail; 
wester! 
erately 
more t 
neath a 
cene rc 
gently 
Thin 
unconf 
rocks a 
gravel, 


Introdu 
Sources 

Geograr 
Pre-basi 
Stratigr: 
Structur 


ee 


INTR(¢ 
The 


tana ar 
thickly 
valleys 

commo 
yons, il 
streams 
waters 

western 


Columt 





Geologic 


ARK, 


“oose, 


2S$ 


zraphic 
roleum 


for 50 


d in the 





G. D. ROBINSON _U. S. Geological Survey, Geologic Division, Federal Center, Denver, Colo. 


Origin and Development 


of the Three Forks Basin, 


Abstract: The Three Forks Basin sprawls where the 

intricately deformed sedimentary and volcanic rocks 
of the Disturbed Belt along the Rocky Mountain 
front are faulted against the Precambrian meta- 
morphic rocks that make the core of the Tobacco 
Root, Madison, Gallatin, and Beartooth ranges. Its 
eastern edge is linear, controlled by steep faults at 
the west front of the Bridger Range. All other 
boundaries are sinuous and show little sign of 
structural control. 

Tertiary deposits in the basin, rich in contem- 
poraneous rhyolitic and latitic ash, are about 
equally of lake, bolson, and stream origin. The 
western part of the basin is dominated by mod- 
erately folded Eocene and lower Oligocene rocks, 
more than 2000 feet thick. They dip eastward be- 
neath apparently unfolded upper Miocene and Plio- 
cene rocks, more than 1300 i thick, that also dip 
gently eastward to the basin edge. 

Thin but extensive Quaternary deposits lying 
unconformably on the Tertiary and pre-Tertiary 
rocks are mainly of rounded terrace and flood-plain 
gravel, angular fan gravel, and wind-blown silt. 


Montana 


The basin began as part of an east-flowing stream 
system that developed in Late Cretaceous and 
Paleocene time, concurrently with Laramide fold- 
ing and thrusting; the faulted contact between 
metamorphic and sedimentary rocks was especially 
erodible and became a main drainage way. Recur- 
rent uplift to the west throughout the Tertiary 
provided gradient and load to the streams; addi- 
tional load was provided by showers of ash from 
unknown vents. Relative uplifts of the Bridger 
Range in Eocene and early Oligocene time, and 
again in late Miocene and Pliocene time, impeded 
flow from the basin and led to deposits in channels, 
flood plains, and lakes. During most of Oligocene 
and Miocene time, however, the basin was being 
eroded. By the end of the Tertiary the basin was 
deeply filled and became part of a regional surface 
of low relief. Regional northwestward tilting 
stimulated headward erosion of the Missouri River 
which then captured the formerly east-draining or 
closed basin. The Tertiary deposits have been 
deeply eroded, and the rugged pre-basin surface 
partly exhumed. 


CONTENTS 
Intrqauctione® és Sen, 2 et ae 1003 * ‘Coomomc histeey:: <2. . 2. ss sod Se 1010 
Sources of information and acknowledgments . . 1005 Referencescited . ............. 1012 
Geootaphic setting oo kn ee le 1005 L 
Dinas CeOMege a Se ke 1005 Figure 
Stratigraphy of basin deposits. ........ 1007-1. Index map of southwestern Montana . 1004 
Structure of the basin and its rocks . . . . . . 1009 2. Geologic sketch map of Three Forks Basin, 


Montana 





INTRODUCTION 


The mountain ranges in southwestern Mon- 
tana are separated by broad-benched valleys, 
thickly blanketed by Cenozoic deposits. The 
valleys are not isolated but elaborately joined, 
commonly through spectacular old-rock can- 
yons, into two drainage systems. Most of the 
streams drain northeastward to form the head- 
waters of the Missouri River system. A few 
western streams drain northwestward to the 
Columbia River (Fig. 1). 





The essential geologic unity of these inter- 
montane valleys was assumed by the members 
of the Hayden Survey in the 1860’s and 1870's 
and has never been questioned in print. Yet 
disagreement is profound as to their common 
geologic history: the basins are primarily 
structural (Peale, 1896; Pardee, 1950), or they 
are primarily erosional (Atwood, 1916; Perry, 
1934); they began to form in Paleocene time 
(McMannis, 1955; Freeman e¢ al., 1958) or 
they formed in Oligocene time (Atwood, 1916; 
Pardee, 1950; Alden, 1953); early Tertiary 
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drainage was to the south (Atwood, 1916; 


Perry, 1934) or to the east (Klepper et a/., 1957; 
McMannis, 1955); accordant summits are 
remnants of an Eocene peneplain (Billingsley, 
1915; Atwood, 1916; Pardee, 1950) or rem- 


nants of a Pliocene peneplain (Blackwelder, 
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Townsend Valley, has recently been studied 
(Freeman et al., 1958; Lorenz and McMurtrey, 


1956). Another intermontane valley, the Three 
Forks Basin, has been worked on by many since 
World War II. This paper summarizes the re- 
sults of this work and sketches a geologic 
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Figure 1. Index map of southwestern Montana. Cenozoic basins stippled. Three Forks Basin diagonally 


ruled. Area of Figure 2 heavily outlined 


1917; Atwood and Atwood, 1938); the Tertiary 
deposits are mainly lacustrine (Peale, 1896) or 
mainly fluviatile (Matthew, 1899, and many 
others); the basins have been greatly modified 
by Quaternary deformation (Pardee, 1950), or 
there is no evidence of important Quaternary 
deformation (Lowell, 1956); and so on. All the 
divergent opinions are founded on local evi- 
dence, and the suspicion grows that the sup- 
posed unity is an illusion. 

Progress in regional understanding cannot.be 
expected without thorough studies of indi- 
vidual basins. A large part of one basin, the 


history based on it. As other basins are investi- 
gated the now-confused regional picture can be 
expected to clarify. 

The Three Forks Basin is here defined as the 
topographic depression at the present head of 
the Missouri River, in which sediments have 
intermittently accumulated since the end of 
major regional folding and thrusting in late 
Paleocene or early Eocene time. The size and 
shape of the basin have, of course, changed con- 
stantly in this period, but it seems never to 
have been much larger than the modern topo 
graphic basin (Fig. 1). 
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SOURCES OF INFORMATION AND 
ACKNOWLEDGMENTS 


A. C. Peale (1896) mapped virtually the 
whole basin, at a scale of 1:250,000. Many of 
his observations and ideas on basin geology are 
still useful, but his mapping has been super- 
seded. 

The principal contributors of recent map 
data bearing directly on the basin are O. M. 
Hackett (Gallatin River drainage), H. D. 


- Klemme and Betty Skipp (Maudlow area), 


W. J. McMannis (Bridger Range), Peter 
Verrall (Horseshoe Hills), M. R. Klepper, R. A. 
Weeks, and E. T. Ruppel (Boulder River 
Valley), and G. D. Robinson (Three Forks 15’ 
and Toston 15’ quadrangles). All this work has 
been done since 1947. Most of it is unpublished, 
but that of Klepper, Weeks, and Ruppel 
(1957), of McMannis (1955), and of Hackett 
(1960) is in print, and the reports of Klemme 
(1949, Ph. D. Thesis, Princeton Univ) and 
Verrall (1955, Ph. D Thesis, Princeton Univ.) 
are available on microfilm. My study of the 
Three Forks quadrangle is being published by 
the U.S. Geological Survey. 

Figure 2 is based on these studies and on the 
1:500,000 scale Geologic Map of Montana 
(Ross et al., 1955). 

It need hardly be added that most of the 
ideas expressed in this paper are borrowed, 
mainly from the coworkers listed above. I trust 
they are presented fairly, if briefly. 

T. H. Lovett assisted me in the Three Forks 
quadrangle in 1952; J. S. Bader in 1953 and 
1954. In the Toston quadrangle (summers of 
1955-1958) I was assisted at various times by 
J. S. Bader, G. D. Fraser, Richard Goldsmith, 
W. H. Hays, Malcolm McCallum, L. J. P. 
Muffler, and Betty Skipp. 

C. S. Denny, O. M. Hackett, and Edward 
Lewis of the U.S. Geological Survey; W. E. B. 
Benson and Jean Hough, then of the U.S. 
Geological Survey; and C. H. Falkenbach of 
the Frick Museum visited me in the field and 
gave valuable advice and information on basin 
geology. 

The manuscript has profited from critical 
reading by James Gilluly, W. H. Hays, E. T. 
Ruppel, W. J. McMannis, and M. R. Klepper. 


GEOGRAPHIC SETTING 


The Three Forks Basin, rudely elongated 
east-west, occupies 1000 square miles where the 
perennial Jefferson, Madison, and Gallatin 


rivers join to form the Missouri. The three 
rivers enter the basin through long canyons and 
flow across it on broad flood plains at altitudes 
near 4000 feet. They do not wander at random, 
but hug the north and west edges of their flood 
plains. Their channels are close to the flood- 
plain surface, but their intermittent tribu- 
taries are entrenched. Just below the triple 
junction, the Missouri flows through a canyon 
5 miles long to the Clarkston Basin. The border- 
ing foothills of the Elkhorn and Big Belt 
ranges on the west and north rise to crests of 
7000 to 9000 feet. The Bridger Range on the 
east, and the Tobacco Root, Madison, and 
Gallatin ranges on the south are higher, with 
many peaks above 10,000 feet. The mountain 
slopes are steep down to altitudes of 5000-6000 
feet, where a steplike series of benches begins. 
Generally there are three to five steps (each 
typically 100 to 300 feet high) above the flood 
plains. The benchlands come close to defining 
the basin, for all the Tertiary rocks, and virtu- 
ally all the Quaternary ones, are confined to 
them. 


PRE-BASIN GEOLOGY 


The basin deposits lie on rocks that range in 
age from early Precambrian through Paleocene 
and have the widest variety of lithologies and 
structures (more fully discussed by McMannis, 
1955, and Robinson, 1959). 

Precambrian rocks underlie most of the basin. 
Precambrian gneiss and schist form most of the 
extremely irregular southern border. The Belt 
series crops out widely along the even more 
irregular northern border. It is about 10,000 
feet thick and includes much coarse arkosic 
sandstone and conglomerate that wedge out 
abruptly into very fine-grained strata to the 
north, although the Belt section as a whole 
thickens northward. The contact between the 
Belt series and the metamorphic rocks is a 
fault or fault zone, trending a little north of 
west, that was active in Belt and in Laramide 
time but is now concealed by basin deposits. 
This structure was first recognized by Peale 
(1896) and has been discussed by many since, 
but never named. As the projected trace is near 
the village of Willow Creek, I have named it the 
Willow Creek fault. The Pass fault in the 
Bridger Range is probably related to this 
ancient fault zone (McMannis, 1955, p. 1420- 
1421, 1425). 

Paleozoic and Mesozoic sedimentary rocks 


crop out sporadically along all the borders of 
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PRE-BASIN GEOLOGY 


the basin and in many inliers omitted from 
Figure 2. The Paleozoic rocks are mostly marine 
carbonates and are around 5000 feet thick; the 
Mesozoic rocks, mainly marine shales and sand- 
stones, are also about 5000 feet thick. The 
Paleozoic and Mesozoic sedimentary rocks are 
structurally conformable and are mapped to- 
gether on Figure 2. 

On the northwest, the basin is bordered and 
underlain by andesitic volcanic rocks—the 
Elkhorn Mountains volcanics—more than 
. 10,000 feet thick and of Late Cretaceous (post- 
Niobrara) age (Klepper et a/., 1957, p. 32). 
Although these rocks lie unconformably on 
rocks as old as Mississippian (Alexander, 1955, 
p. 67) they are almost as deformed as the older 
sedimentary rocks. 

Quartz monzonite and related intrusive 
rocks of probable Late Cretaceous and Paleo- 
cene age underlie the southwest and northwest 
corners of the basin. 

The northeast arm of the basin near Maudlow 
is underlain by about 4000 feet of stream-laid 
rocks, mainly andesitic tuffaceous sandstone 
and conglomerate, of the Livingston formation 
of Paleocene age (Klemme, 1949). Similar 
rocks do not occur in other intermontane basins 
but are widespread beneath the plains to the 
east. The most reasonable source for this large 
body of volcanic sediments, as Billingsley 
(1915, p. 35), McMannis (1955, p. 1412), 
Klepper e¢ al., (1957, p. 38-40), and several 
others have pointed out, is the Elkhorn Moun- 
tains volcanics to the west, although local vents 
may have provided some volcanic material 
(Betty Skipp, oral communication). 

The basin lies at the southern end of the 
Disturbed Belt, the broad zone of complexly 
deformed rocks that stretches for more than 
350 miles along the eastern front of the North- 
ern Rocky Mountains, and the pre-basin sedi- 
mentary and volcanic rocks are intricately 
folded and faulted (Fig. 2). The main thrusts 
and steep faults are shown on Figure 2; the 
fold axes of pre-basin rocks, not shown, have 
trends similar to those of nearby faults. 

The folding began a little before the Elkhorn 
Mountains volcanics were erupted and con- 
tinued or recurred until the Livingston for- 
mation was consolidated—that is, from Late 
Cretaceous (Niobrara) until late Paleocene or 
early Eocene time (Klepper et a/., 1957, p. 55). 
The faults are only locally folded and so in the 
main must be younger than the folding. Most 
folds and faults in the pre-basin rocks are over- 
lapped by basin deposits. 
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STRATIGRAPHY OF BASIN DEPOSITS 


The basin deposits, all continental, range in 
age from Eocene to Recent and are 3500 feet or 
more thick. At least five Tertiary and five 
Quaternary units of formation rank have been 
recognized, but only locally mapped. On 
Figure 2, they are grouped into three rock- 
time units. 

The basin deposits of Tertiary age are the 
type Bozeman lake beds of Peale (1896). This 
term has fallen into disuse, as many of the rocks 
are not lacustrine but fluviatile or eolian. As the 
basin deposits have now been divided into 
formations, Peale’s formation should be ele- 
vated to become the Bozeman group. The 
newly designated formations, however, have 
not yet been fully described in print, and their 
names are not used in this paper. 

Eocene and Oligocene rocks crop out widely 
only in the western half of the basin. The oldest 
unit is limestone conglomerate, exposed in only 
a few places at the base of limestone ridges. The 
conglomerate is dominantly of local subangular 
cobbles and boulders in a bright orange-red 
matrix of calcite and clay. The outcrops seem to 
be remnants of alluvial fans. The conglomerate 
contains no fossils. It grades into overlying 
units of rather late Eocene age and is therefore 
presumed Eocene also. It resembles the Sphinx 
conglomerate (Peale, 1896) of the Madison 
Valley and parts of the ‘‘Laramide” Beaver- 
head formation of southwesternmost Montana 
(Lowell and Klepper, 1953). 

In the Jefferson Valley, the limestone con- 
glomerate grades upward into a thick-bedded 
white tuffaceous limestone unit, as much as 300 
feet thick. The limestone contains fossil fresh- 
water snails and clams (identified by D. W. 
Taylor, written communication) as well as 
ostracodes and charophyte oégonia, all of un- 
certain age. Near the valley walls, the limestone 
wedges into short thick tongues of sandstone 
and conglomerate. These rocks were formed in 
a perennial lake, no larger than 100 square miles, 
into which contemporaneous rhyolitic ash fell 
or was washed. The unit is presumably Eocene 
because it grades upward into rocks that are 
demonstrably of fairly late Eocene age. 

The next unit is mainly nonpersistent beds of 
somber bentonitic sandy clay and sand. As 
much as 1000 feet thick, it provides most of the 
Tertiary exposures in the northwestern part of 
the basin. It gradationally overlies the lime- 
stone unit in Jefferson Valley and a few masses 
of limestone conglomerate elsewhere but is the 
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basal unit of the Bozeman group in other large 
areas. The clay beds are almost pure mont- 
morillonite; relict textures are scarce, and it is 
uncertain how much of the clay was derived 
from the weathering of monzonitic and andes- 
itic source rocks and how much from the 
alteration of latitic ash. The sand, in channel- 
like bodies oriented roughly east-west, is 
arkosic, containing much plagioclase, alkali 
feldspar and biotite, chips of andesite, and much 
quartz. All the beds contain variably altered 
rhyolitic glass, and some are nearly pure ash. 

The bentonitic unit is richly fossiliferous. 
One locality in upper Mud Spring Gulch, 500 
feet above the base, yielded late Eocene (ap- 
proximately Uinta) condylarth, tapiroid, and 
oreodont remains (Robinson et al., 1957). The 
upper part contains abundant early Oligocene 
brontothere, oreodont, lagomorph, insectivore, 
and other rodent remains, first noted by 
Douglass (1902) and Matthew (1903) and con- 
firmed by Edward Lewis (Written communi- 
cation) and Jean Hough (Written communi- 
cation). The strata also contain a wide variety 
of aquatic and terrestrial snails, identified by 
D. W. Taylor (Written communication), and 
much fossil wood from many species of conif- 
erous and deciduous trees, identified by Elso 
Barghoorn (Written communication). 

These rocks are the product of a rapidly 
aggrading stream system that drained parts of 
the Boulder batholith and the Elkhorn Moun- 
tains volcanic field, when much volcanic ash 
was falling on the region. 

The bentonitic unit grades into a sequence of 
nearly white thin-bedded notably persistent 
siltstones and fine sandstones, more than 800 
feet thick. These rocks crop out north of Three 
Forks and in a belt a few miles wide on the west 
side of the Madison River. They are mainly 
little-altered angular rhyolitic ash. Mixed with 
the ash is much rounded mountain waste, 
many aquatic snails (identified by D. W. 
Taylor, written communication), ostracodes, 
and innumerable fossil pollen, algae, and charo- 
phyte odgonia. The persistent fine-grained ashy 
beds are everywhere laced with channels of 
somewhat coarser sandstone that lacks ash. At 
basin rims, wedges of gravel have yielded 
vertebrate remains that, according to Edward 
Lewis (Written communication), represent 
about the same early Oligocene land verte- 
brate fauna found in the upper part of the 
bentonitic unit. As are the older basin deposits, 
these rocks are of mixed origin—fluvial, 
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lacustrine, and eolian—but the proportions of 
rock types are very different. The rocks seem 
mostly to have been deposited in ponds or 
playas under conditions of interior drainage 
during heavy ash falls. 

Lower Tertiary rocks may be exposed in one 
valley in the northeastern arm of the basin, 
Near upper Dry Creek, about 10 miles south of 
Maudlow, a 450-foot section of light-colored 
limestone and fine-grained tuffaceous rocks has 
yielded ‘‘fragmentary remains of Oligocene 
mammals” (Klemme, 1949, p. 69). The fossils 
are not further identified and might have been 
reworked; consequently, the Oligocene age of 
these rocks is in doubt. 

A marked disconformity, possibly an angular 
unconformity, intervenes between the Oli- 
gocene white siltstone unit and the upper 
Miocene and Pliocene Madison Valley beds of 
Douglass (1903) that dominate the eastern part 
of the basin. This erosional interval (Douglass, 
1903) is represented in the western part of the 
basin by small patches of gravel, lying on deep- 
ly eroded lower Tertiary rocks that have 
yielded early Miocene rhinoceros remains 
(Wood, 1933) and remains identified by Ed- 
ward Lewis (Written communication) as late 
Miocene horse and late Miocene or early 
Pliocene mastodon. 

The Madison Valley beds of Douglass (re- 
cently restudied in their type area by Dorr, 
1956) are mainly white tuffaceous sandstone 
and siltstone, at least 1300 feet thick, according 
to Hackett (1960). The sequence resembles the 
Oligocene white siltstone unit below but is 
coarser with much conglomerate in the upper 
part. The basal 500 feet contain remains of late 
Miocene land vertebrates, mostly oreodonts 
according to Douglass, Dorr, and to Schultz 
and Falkenbach (1940)', as well as late Miocene 
fish (Douglass and Dorr). Higher beds have 
yielded oreodont remains regarded as early 
Pliocene by Schultz and Falkenbach (1941)4 
The formation apparently reflects a resumption 
of interior drainage with contemporaneous 
volcanism, and gradual change to exterior 
drainage. 

The younger rocks rest on the Madison 
Valley beds of Douglass and all older rocks with 


1 In the publication cited the oreodont remains are de- 
scribed simply as from ‘‘lower Madison Valley, Gallatin 
County, Montana.” The specimen locations and the 
sites of later finds have been kindly pointed out by Mr. 
Falkenbach in the field. 
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STRATIGRAPHY OF BASIN DEPOSITS 


angular unconformity. The top of the Madison 
Valley sequence seems to be part of a formerly 
extensive, nearly horizontal cut-and-fill surface 
of low relief, broken by only a few peaks; 
remnants of the surface now rise gently south- 
westward. Most of the post-Madison Valley 
deposits are mere films that represent short 
interruptions or digressions in the dissection of 
the Pliocene lowland surface and partial exhu- 
mation of the rugged pre-basin surface. 
Well-rounded terrace gravel caps many of 


‘the broad benches above the present flood 


plains on the south side of the basin. The high- 
est terrace gravels may be as old as Pliocene; 
the remainder are Quaternary. Patchy benches 
at similar levels on the north side lack rounded 
gravel; rather, they are mainly bare Tertiary 
rocks, locally veneered with angular limestone 
gravel of mudflow origin. Benches at the west 
base of the Bridger Range are thickly mantled 
with coarse-textured alluvial fans, almost an 
alluvial apron. These fans are about the same 
age as the lower terrace gravels and were proba- 
bly formed during late Pleistocene, presumably 
Wisconsin, glaciation (McMannis, 1955, p. 
1414). Wind-blown silt of several generations 
extensively mantles bench lands on both sides 
of the basin. 

The alluvium below the flood plains of the 
master streams is the thickest and most exten- 
sive Quaternary deposit. In places it is more 
than 100 feet thick and may be much thicker; 
estimates, based mainly on drill holes, are un- 
certain because it is hard to tell the Quaternary 
from the Pliocene stream deposits. The al- 
luvium reflects a comparatively long deposi- 
tional episode; remains of both late Pleistocene 
and Recent buffalo (identified by Edward 
Lewis, written communication) have been re- 
covered from it. (Of the Quaternary deposits, 
only the flood-plain alluvium is mapped on 
Figure 2.) 

The Bridger Range and the ranges to the 
south were intensively glaciated in Pleistocene 
time, but the glaciers apparently never de- 
scended into the basin proper. They may have 
closely approached the valley margin in a few 
canyons on the north flank of the Gallatin 
Range (W. J. McMannis, written communica- 
tion). 

STRUCTURE OF THE BASIN 
AND ITS ROCKS 


The extremely sinuous southern, western, 
and northern contacts between basin and pre- 
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basin rocks are depositional. If faulting has 
blocked out these sides, the faults are buried 
and their scarps modified beyond recognition. 
Hints of buried local structural control appear 
south of the Horseshoe Hills and along the 
southeast margin, between the Gallatin and 
West Gallatin rivers (W. J. McMannis, written 
communication). A few minor Quaternary 
faults of roughly east-west trend have been 
mapped at the southern edge between the 
Madison and Gallatin rivers (Hackett, 1969). 

The eastern edge of the basin is distinctly 
linear, but zigzag rather than straight. This 
boundary is formed by the eroded scarps of a 
conjugate series of steep faults along which the 
basin has sunk and the Bridger Range has risen; 
fault throw has been estimated as 3000 feet or 
more (Pardee, 1950, p. 379-381). These faults 
offset the Bozeman group but not the upper 
Pleistocene alluvial fans which effectively mask 
most of the fault traces (McMannis, 1955, p. 
1428). 

These observations suggest that the basin 
rocks are an eastward-tilted slab, as Peale 
(1896, p. 3) and several others have noted. This 
concept is supported by the fact that Eocene 
and Oligocene rocks dominate the western half 
of the basin, whereas Miocene and Pliocene 
rocks dominate the eastern half and overlap on 
pre-Tertiary rocks, as shown by stream cuts 
and wells. Dip-and-strike measurements show 
that the regional easterly dip is 2°-3°. 

Simple post-Tertiary tilting of the basin 
could account for the regional dip but not for 
the paucity or absence of lower Tertiary rocks 
on the east side. If simple overlap without tilt- 
ing were responsible, the younger rocks would 
also overlap on all other sides. 

Recurrent eastward tilting seems the most 
satisfactory interpretation. It probably began 
after filling of the Eocene lake in Jefferson 
valley and recurred throughout deposition of 
the remaining Tertiary rocks; the depositional 
center shifted progressively eastward. If so, the 
faults at the east edge of the block were proba- 
bly not formed in a single episode of movement 
in late Pliocene or early Quaternary time, but 
in recurrent movements, beginning far back in 
the Tertiary as McMannis (1955, p. 1426- 
1427) emphasized. Further, the entire thickness 
of basin deposits at any point should be only a 
fraction of the apparent aggregate thickness of 
the Bozeman group. 

The block is not simply tilted. In its western 
part it has been thrown into several broad 
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gentle folds of diverse trend, and these local 
wrinkles are more apparent than the regional 
dip. The axes of these folds are shown on Figure 
2. Dips on their flanks average 5°-10°; rarely, 
they are as steep as 30°. 

Similar folds are not known in the upper 
Tertiary rocks in the eastern part of the basin. 
Perhaps they exist but have escaped detection. 
Thus, Hackett (1960) notes that subsurface 
data suggest, but do not prove, a low arch 
trending east-west above the locus of the Wil- 
low Creek fault, east of the Madison River. 
More likely, the lower Tertiary rocks were 
folded during the middle Tertiary hiatus, be- 
fore the upper Tertiary rocks were deposited. 

Late Quaternary downwarping in the central 
part of the basin is suggested by the fact that 
valley-floor alluvium in the flood plains of all 
three major tributaries of the Missouri extends 
well below the bedrock surface at the outlet 
canyon of the Missouri. The scale and nature 
of this warping are yet to be determined. 

The part played by structure in maintaining 
the basin as a site of deposition seems fairly 
clear, but the initial role of structure in forming 
the basin is less so. It is surely no accident that 
the basin shares the trend of the ancient Willow 
Creek fault, whereas the adjoining Clarkston 
and Townsend basins lie on a major zone of 
Laramide thrusting at right angles to the 
Willow Creek fault. Assuming this much funda- 
mental structural control, the basin might have 
developed by differential erosion of less re- 
sistant, mainly Precambrian rocks, exposed as a 
result of slow structural events; or it might have 
been formed directly by rather rapid warping 
or faulting, the warps or faults now concealed 
by later erosion and deposition. It seems impos- 
sible to prove either hypothesis. Indeed, the 
scant evidence favors the unspectacular view, 
shared by most recent workers (Pardee, 1950; 
Eardley, 1950; McMannis, 1955; Lowell, 1956; 
Freeman et al., 1958), that tectonism was 
generally slow enough and erosion fast enough 
to play important, complexly interrelated parts 
in the genesis of the basin. 

There is no sign that the basin is simply the 
result of dissection of an Eocene peneplain by 
a south-flowing stream system, as Atwood 
(1916) concluded. On the contrary, it is 
reasonably clear that in early Tertiary time the 
basin and its environs had mountainous relief, 
maintained by tectonic activity, with drainage 
to the east. The accordant summits that consti- 
tuted Atwood’s main evidence for an early 
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Tertiary peneplain have been interpreted by 
most later workers, beginning with Blackwelder 
(1917), as better evidence for a late Tertiary 
surface of low relief. An Eocene peneplain could 
hardly have survived the late Cenozoic defor- 
mation. 

The Three Forks region has risen 4000 feet 
or more since it was covered by the Late Cre- 
taceous sea. When and how this uplift occurred 
is uncertain. Part of it was doubtless achieved 
by Laramide folding and faulting; part may be 
represented by the middle Tertiary hiatus; part 
seems very young indeed for the deep dissection 
of the Pliocene plain strongly suggests that 
basins and mountains alike were uplifted at 
least 1000 feet in late Pliocene or Quaternary 
time. Whether this major uplift was slow or 
fast, continuous or intermittent, is not known. 
That uplift involved northerly or northwest- 
erly tilting is implied by the northward shifting 
of successively younger terrace levels and by 
the position of the main streams along the north 
and west sides of the valleys. 

Conceivably, most of the post-Cretaceous 
uplift may have occurred since late Pliocene 
time. If so, the basin floor stood much nearer 
sea level for most of the Tertiary. The lower 
the altitude of the basin, the easier to account 
for its recurrent existence as a trap for sedi- 
ment, and for the preservation of so much of 
that sediment. 


GEOLOGIC HISTORY 


A consistent, if somewhat incomplete, geo- 
logic history of the Three Forks Basin can be 
read from the geologic facts and inferences pre- 
sented above. 

In Niobrara time, gentle folding, on north- 
south axes, drove out the sea for the last time. 
The rising folds were deeply eroded, and, on 
the irregular surface thus formed, the Elkhorn 
Mountains volcanics were erupted in _post- 
Niobrara Late Cretaceous time. Compression 
continued, and the folds were steepened, some 
overturned. The Precambrian crystalline rocks 
south of the basin acted as a monolithic but- 
tress, resisting deformation; at their north edge, 
very likely, the Precambrian Willow Creek 
fault was reactivated as a strike-slip fault. As 
folding proceeded, many concordant and dis- 
cordant bodies of quartz monzonite and related 
rocks were emplaced. After the folding had 
largely ended, but while intrusion was still 
going on, a broad system of west-dipping thrust 
faults developed roughly parallel to the trends 
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GEOLOGIC HISTORY 


of the folds. Like the folds, the thrusts were de- 
flected by the metamorphic mass; they proba- 
bly merged with the Willow Creek fault, which 
again experienced major strike-slip movement. 
Probably both intrusion and faulting continued 
into Paleocene time. 

While deformation and intrusion went on at 
depth in latest Cretaceous and early Paleocene 
time, an east-flowing drainage system devel- 
oped on the surface. Valleys developed es- 
pecially quickly on rocks crushed against the 
metamorphic buttress, and the present basin 
began to take form. The main surface rocks at 
the start of valley cutting, the newly erupted 
Elkhorn Mountains volcanics, were deeply 
eroded. Fragments of the volcanic rocks were 
carried to the east side of the present basin and 
beyond, to be deposited as part of the Liv- 
ingston formation. The Livingston was in turn 
folded in late Paleocene or early Eocene time, 
marking the end of major compression in the 
area. 

As a consequence of this last spasm of fold- 
ing, and perhaps of the first uplift of the Bridger 
Range, eastward drainage was interrupted in 
middle or late Eocene time, and a brief episode 
of interior drainage ensued. At an early stage 
the basin floor was dry, and limestone gravel, 
which later became the limestone conglomerate 
unit, was deposited as an alluvial apron around 
many of the limestone hills, which were ap- 
parently at least as high and as steep as those of 
today. Later, a lake developed in the southwest- 
ern part of the basin and began to fill with sedi- 
ments that became the tuffaceous limestone 
unit—limy muds offshore, coarse hillwash near 
shore, and volcanic ash blown in from distant 
vents. Elsewhere in the basin, east-flowing 
through streams continued to carry detritus 
and contemporaneous volcanic ash from the 
ancestral Elkhorn, Madison, and Tobacco Root 
mountains; slowed, perhaps, by the rising 
Bridger Range, the streams deposited much of 
their load as gravels and sands in channels, and 
montmorillonitic muds in overflow ponds—the 
bentonitic clay and sand unit. After the lake in 
the southwestern part was filled or breached, 
deposits of the bentonitic unit began to ac- 
cumulate thickly in that part of the basin too. 

This unit continued to pile up well into early 
Oligocene time. Then, a combination of east- 
ward tilting and further uplifts to the east 
closed the basin again, with the lowest part not 
far south of the present Three Forks. In this 
basin, intermittently occupied by lakes, the 
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Oligocene white siltstone unit formed, mostly 
by falls of fine volcanic ash but partly by 
accumulation of stream-laid ash and mountain 
waste. 

Later in the Oligocene, exterior drainage was 
resumed, perhaps aided by minor folding in the 
basin. From then until late Miocene time, the 
basin was mainly being eroded. Large volumes 
of Eocene and lower Oligocene deposits were 
removed as well as older rocks, but here and 
there the streams deposited new gravels. 

In late Miocene time a closed basin again de- 
veloped, presumably as a result of new relative 
uplift of the Bridger Range, but centering in 
the eastern part of the present basin. Ash show- 
ered into the basin and loaded the streams 
entering it from the west. Most of the ash beds 
and tuffaceous muds thus formed became the 
Madison Valley beds of Douglass. Although the 
western part of the basin was being eroded, 
streams deposited gravel here and there. Near 
the end of the Miocene, owing to accelerated 
tilting, breaching of the eastern barrier, or 
both, progressively coarser material was washed 
into the Madison Valley basin, and the supply 
of air-borne ash declined and stopped. By the 
end of Madison Valley time the deposits were 
mainly mountain-waste gravel. By late Pliocene 
time the local Madison Valley basin (and 
probably the entire Three Forks Basin) was 
deeply filled, with sluggish exterior drainage 
to the east. The basin had become a gravelled 
plain (but not a peneplain!) with scattered hills 
rising above it. 

In late Pliocene or early Pleistocene time the 
whole region began to rise, with the greatest up- 
lift in the ranges to the south. The late Tertiary 
plain developed northwesterly slope, and a con- 
sequent stream system formed. The new 
streams, aided by renewed rise of the Bridger 
Range that impeded stream flow to the east, 
captured the basin drainage which became part 
of the Missouri River system. As drainage be- 
came better integrated and the southern ranges 
continued to rise, the ancestral Madison, Jeffer- 
son, and Gallatin rivers cut rapidly down 
through the soft Tertiary rocks and in places 
became superposed on the rugged pre-Tertiary 
surface. 

The cutting proceeded in a series of giant 
terrace steps. During pauses in the cutting, 
rounded gravels were deposited on the terraces 
by the perennial master streams, while remote 
surfaces developed pediments mantled by angu- 
lar mudflow gravel. Because of the northerly 
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tilting, the master stream courses tended to 
shift northward with time. In dry intervals, 
winds blew great volumes of fine ash from 
exposures of the Tertiary basin deposits onto 
adjacent benches. Uplift of the Bridger Range 
provided gradient and detritus for the building 
of large alluvial fans at the base of the range 
while valley glaciers were active near the crest. 

By late Quaternary time the master streams 
had cut down below the present basin floor. 
With the aid of downwarping in the basin, 
downcutting halted, and a long period of 


in which the present flood plains were built. 
Thus, the present upper Missouri River is to 
some extent antecedent. In the growing aridity 
of the last century much vegetation has died 
out, the intermittent tributaries have trenched 
their channels, and their flood plains have be- 
come climatic terraces. The master streams, 
however, have not lowered their channels 
because their water supply, coming from the 
persistently humid Yellowstone Plateau, has 
not been greatly affected by the changing basin 
climate. 





general sidecutting and aggradation followed, 
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CHESTER B. BEATY Dept. Geography, Montana State University, Missoula, Mont. 


Boulder Deposit in Flint Creek Valley, 


Western Montana 


Abstract: Morphologic evidence in an unusual 
. boulder field in the Flint Creek valley of western 
Montana, previously classified as glacial moraine, 
suggests a debris flow deposit carried from Boulder 
Creek, a tributary of Flint Creek. A large flood from 
a cloudburst in the headwaters of Boulder Creek or 
a moraine-dammed lake in a cirque in the upper 


stream system surged down the main Boulder Creek 
valley, picking up glacial debris and depositing it 
in lobate form in the Flint Creek valley. Other 
boulder deposits in western Montana and elsewhere 
with similar morphologic characteristics may also 
be of fluvial, rather than glacial, origin. 
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INTRODUCTION 


In the larger valleys of western Montana so- 
called Tertiary lake beds (Fenneman, 1931, p. 
219-224) fill apparent structural depressions to 
1000-foot depths; Pleistocene and younger de- 
posits overlie the older clastic materials. Much 
of the material designated as alluvium on recent 
geologic maps of the State (Alden, 1953; Ross 
ei al., 1955) is glacial outwash transported by 
swollen streams of the most recent glacial re- 
cession. In many of the valleys it is difficult to 
differentiate between the glacial and proglacial 
deposits, and the alluvial and colluvial deposits 
of nonglacial origin. In addition to well-defined 
moraines and associated outwash sediments, 
there are equally frequent deposits of coarse 
debris of obscure origin and of fairly youthful 
age. 

An extensive boulder field veneers the middle 
valley floor of Flint Creek, a major north-flow- 
ing tributary of the Clark Fork River which 
enters the master stream about 50 miles east of 
Missoula (Fig. 1). Although it has not previ- 
ously been examined in detail, two earlier in- 
vestigators have classified it as glacial moraine. 





The boulder field, however, exhibits several 
types of recent sedimentary deposits, which 
the present study attempts to evaluate. 


DESCRIPTION OF DEPOSIT 


The Flint Creek boulder field extends from 
the mouth of Boulder Creek and spreads over 
the valley floor of Flint Creek for a distance of 
214 miles (Fig. 2). An immense number of 
granite boulders set in a matrix of much finer 
material are disposed in a bulb- or lobe-shaped 
deposit with a decided outward spread in the 
part of Flint Creek valley where lateral move- 
ment was possible. The mass of large granite 
boulders continues more than 5 miles up 
Boulder Creek. The edge of the deposit is 
clearly defined in most places, but it merges 
with the underlying material in some areas. 
Whatever its mode of origin, the deposit did 
not come from the main Flint Creek valley. 

At the mouth of South Boulder Creek, 2 
miles upstream from the junction of Flint and 
Boulder creeks, one notes a significant change 
in the average roundness of the boulders. Be- 
low this point more than 90 per cent of the 
boulders are rounded or subrounded. Above 
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the mouth of South Boulder Creek the number 
of rounded boulders decreases progressively, 
and numerous blocks are faceted and polished. 
Downstream from the old mining camp of 
Princeton, stranded lateral moraines from an 
earlier glaciation are found 1000-1500 feet 
above the valley floor on both walls of the 
canyon as far as the mouth of South Boulder 
Creek. About half a mile above Princeton the 
bouldery deposit on the floor of the canyon 
merges with a well-preserved terminal moraine, 
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convex. In longitudinal section, shape, and 
transverse profile, the bouldery material some- 
what resembles an alluvial fan, with a radial ar- 
rangement of surface ridges composed of 
rounded boulders (Fig. 2). 

The materials of the deposit lack sorting and 
stratification, and the debris ranges from 
medium-fine sand to boulders 4-6 feet in 
diameter. Although the size of the boulders de- 
creases downstream, no progressive grading by 
running water is apparent. 
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Figure 1. Location of Flint Creek and Boulder Creek in western Montana 


across which Boulder Creek flows in a series of 
low falls and rapids. Upstream from this mo- 
raine, which probably represents the farthest 
advance of the most recent glacier, the floor of 
the valley is covered by a jumbled mass of fresh 
angular blocks and finer debris. This material 
appears to be ground moraine modified by post- 
glacial stream action. 

Several distinct ridges radiate from the 
mouth of Boulder Creek into the main valley 
of Flint Creek (Fig. 2). Most of these support 
a thick growth of trees and are more readily 
identified on aerial photographs than on the 
ground, In cross section they are seen to be a 
heterogeneous mixture of fines and rounded 
boulders. 

Where Flint Creek valley widens, 114 miles 
downstream from the mouth of Boulder Creek, 
the deposit of boulders in longitudinal and lat- 
eral cross section has a distinctive shape. The 
thickness decreases regularly to the end of the 
deposit, and in transverse profile the material is 


The Flint Creek boulder field is thus quite 
distinctive in surface morphology, internal 
structure, and shape. Its fresh appearance, 
coarseness, and form contrast strikingly with 
the subdued topography of the middle Flint 
Creek valley. 


POSSIBLE GLACIAL ORIGIN 


To the writer’s knowledge, only two other 
observers have attempted an account of the 
Flint Creek boulder deposit; both concluded 
that it is a morainal accumulation. 

Frank C. Calkins, one of the pioneer students 
of the geology of the area, stated: 


“The glacier that reached the lowest level [in 
the general area] came down the valley of Boulder 
Creek, and seems to have pushed down the valley 
of Flint Creek .. . toa level of about 4,500 feet. The 
material . . . below the junction of the two streams 
consists of large boulders, chiefly of fresh granite, 
whose arrangement suggests a terminal moraine 
modified by an impetuous stream of water. The 


Boulder 
at a pol 
and the 
as to fo: 
drawal 

Creek, f 
it now | 
that mu 
readily 

1915, p. 


W. ¢ 


Monta 


essentia 
describ 


“Sou! 
boulder: 
spread | 
boulder 
past the 
mouth ¢ 
not exte 
Creek. 7 
whose t: 





and 
ome- 
al ar- 


d of 


and 
from 
st in 
rs de- 
ig. by 


quite 
ernal 
ance, 
with 
Flint 


yther 
* the 
uded 


lents 


el [in 
ulder 
valley 
. The 
‘eams 
unite, 
raine 


The 





POSSIBLE GLACIAL ORIGIN 1017 


Boulder Creek glacier was about 1,000 feet deep 
at a point 2 miles from the mouth of the canyon, 
and therefore must have dammed Flint Creek so 
as to form a lake in Philipsburg Valley. The with- 
drawal of the ice dam undoubtedly made Flint 
Creek, for a time, far larger and more vigorous than 
it now is, and the dispersion of morainic material 
that must have lain in the path of that stream is 
readily accounted for” (Calkins and Emmons, 
1915, p. 11). 


W. C. Alden, another early investigator of 


Montana geology and physiography, expressed 


Maxville on the granite uplands east of Philips- 
burg” (Alden, 1953, p. 86). 


EVIDENCE AGAINST 
GLACIAL ORIGIN 


However, five lines of evidence indicate that 
the accumulation of boulders is not a direct 
glacial deposit: 

(1) The walls of lower Boulder Creek canyon 
are composed of a Paleozoic limestone, mainly 
of the Madison group. On the north side the 
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Figure 2. Map of Flint Creek valley and Boulder Creek valley showing posi- 
tion and shape of boulder deposit and granite outcrops; traced from aerial 


photographs 


essentially the same thought as Calkins. He 
describes the deposit thus: 


“South of Stone an enormous number of granitic 
boulders ranging from 1 to 10 feet in diameter are 
spread on the flat valley of Flint Creek. This 
boulder deposit extends southward 2 to 3 miles 
past the village of Maxville and into the canyon 
mouth of Boulder Creek. . .. They [the boulders] do 
not extend farther southward up the valley of Flint 
Creek. They were evidently transported by a glacier 
whose tributaries headed 7 to 10 miles southeast of 


rocks have been eroded into steep and rugged 
cliffs and pinnacles with no suggestion of 
glacial abrasion. Outcrops on the south side 
have sharp, rugged, and grotesque forms and 
show no indication of recent glaciation. 

Alden noted the discrepancey in comment- 
ing: 

‘In spite of the fact, however, that a glacier 
about 1,000 feet thick extended out of the canyon 
of Boulder Creek, the edges of upturned limestone 
strata in the cliffs at either side of the portal are not 
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scoured smooth as is usual where late Pleistocene 
glaciation has occurred. On the contrary, these 
cliffs are characterized by towers and pinnacles of 
limestone such as are indicative of long and uninter- 
rupted exposure to weathering. There is also a 
considerable accumulation of talus . . .”” (1953, p. 
86). 

He is thus forced to conclude: 


‘*... the glacier that advanced . . . to the vicinity 
of Stone did so at an earlier time—either at the 
Illinoian Stage or when the Iowan drift was de- 
posited in northeastern Iowa and adjacent states” 
(1953, p. 86). 

This explanation is inadequate, however, for, 
as Calkins noted (1915, p. 11), the boulders are 
fresh; they would be badly decomposed if they 
had been deposited during an earlier ice ad- 
vance. On the surface the boulders are lichen- 
covered but are otherwise unaltered. Below the 
surface the granite is firm, clean, and light- 
colored. There are no weathering rinds on the 
rocks and no accumulations of decomposition 
material, indicating that the boulders have not 
become rounded as a result of exfoliation in 
place. Roundness characterizes the entire rock 
surfaces, not just the exposed portions, and one 
concludes that the boulders were deposited 
comparatively recently. The absolute age of 
the deposit is unknown, but the greater degree 
of surface weathering on the granite blocks in 
the terminal moraine above Princeton indi- 
cates that the boulder field in Flint Creek val- 
ley is younger than the freshest glacial debris 
in Boulder Creek. 

(2) Had a glacier extended toward the 
mouth of Boulder Creek, some evidence of its 
presence should appear in stranded lateral mo- 
raines on the walls of the lower canyon, es- 
pecially on the north side, where numerous 
smaller gullies enter the main stream and form 
ideal transverse depressions in which morainal 
debris would accumulate. Diligent search on 
both sides of the lower canyon to a height of 
1500 feet, however, revealed no remnants of 
stranded moraine. On such steep walls large 
morainal deposits would not be preserved, but, 
had a glacier moved through lower Boulder 
Creek and into Flint Creek, a few scattered 
granitic erratics should be present. 

(3) The lack of angular, polished, or faceted 
boulders in the deposit below the mouth of 
South Boulder Creek and the absence of stri- 
ations also negate the glacial-origin theory. Al- 
though most of the rocks in a morainal deposit 
should be rounded or subrounded (Pettijohn, 
1949, p. 217-218; Flint, 1957, p. 115), the 
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shapes of at least some should indicate glacial 
abrasion. 

(4) Ground and marginal morainal accumu- 
lations are hummocky or at least gently undu- 
lating (Flint, 1957, p. 131-135), but the surface 
of the Flint Creek boulder field is remarkably 
even, with no trace of terminal or lateral mo- 
raines. Conceivably the bouldery debris could 
be ablation till (Flint, 1957, p. 120-121) from 
the rapid downmelting of a debris-laden lobe 
of ice, but the relative smoothness of surface 
of the deposit and the absence of marginal 
moraines make such an interpretation very 
doubtful. 

(5) The deposit overlies the essentially 
horizontal sediments of the valley floor of Flint 
Creek. The underlying sediments and the 
boulder deposit are not interstratified, nor do 
the underlying sediments fan away from the 
edges of the boulder deposit in a manner sug- 
gesting a genetic connection between the two, 
Deposition of the bouldery material must post- 
date deposition of the horizontal valley sedi- 
ments, which are largely glacial outwash made 
up primarily of mechanically comminuted 
granitic debris. 


POSSIBLE FLOOD IN 
FLINT CREEK VALLEY 


Calkins’ statement that the boulder field 
represents a terminal moraine ‘‘medified by an 
impetuous stream of water” deserves considera 
tion because it suggests the probable explana 
tion of the deposit. There may have been a 
temporary lake in Philipsburg Valley, a 
Calkins stated, but the evidence implies that it 
was not emptied suddenly by the retreat of 
the glacier into Boulder Creek canyon. Hada 
lake in Philipsburg Valley drained rapidly to 
the north, the temporarily enlarged Flint 
Creek would have destroyed or altered the 
radiating ridges of debris jutting into Flint 
Creek from Boulder Creek (Fig. 2). Their 
present alignment, however, indicates little 
change since deposition. Whatever their origin, 
they were probably deposited by a transporting 
agent that came down Boulder Creek valley. 
They could not have been overwhelmed by 
high water from Flint Creek and still have 
maintained their shape and position. 

A major flood in Flint Creek is further dis 
proved by the condition of the canyon floor 
above the Boulder Creek junction. Here, Flint 
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POSSIBLE FLOOD IN FLINT CREEK VALLEY 


Valley, and there is no physiographic evidence 
that rejuvenation has occurred. 

It is probable, therefore, that a shallow, 
temporary lake was formed in Flint Creek val- 
ley behind the bouldery debris dam. When the 
lake topped the lowest part of the dam, Flint 
Creek cut down to its former level. The posi- 
tion of the stream against the western wall of 
the canyon below Boulder Creek is the result 
of superposition as overflow from the lake fol- 
lowed the path of least resistance across the 
debris dam. Major flooding did not occur. 


POSTULATED ORIGIN 


The source area of the boulders of the de- 
posit is not in doubt. They are granite, and the 
only granite exposed in the drainage basin of 
Boulder Creek is on headwater slopes in its 
southern tributaries and in a few northern 
tributaries (Fig. 2). The boulders were trans- 
ported at least part of the way down Boulder 
Creek as a result of direct glacial action. 

Morphologic evidence in lower Boulder 
Creek and in the deposit itself indicates 
strongly, however, that the boulder field is not 
of glacial but of fluvial origin and represents 
the deposit of a large debris flow,! from a 
cloudburst in upper Boulder Creek or the 
catastrophic draining of a moraine-dammed 
lake in an upper tributary. 

In surface morphology and internal structure 
the bouldery mass resembles deposits of debris 
or mud flows of arid or semiarid regions (Rick- 
mers, 1913; Pack, 1923; Blackwelder, 1928; 
Krumbein, 1942; Woolley, 1946; Sharp and 
Nobles, 1953; Blissenbach, 1954; Kesseli and 
Beaty, 1959). Its lobate shape in the wider part 
of Flint Creek valley is similar to that of many 
desert mud flows. The distinct ridges of larger 
boulders duplicate the coarse debris found 
along the margins and within the main body of 
some desert flows. The thinning toward the 





1In this paper ‘‘debris flow” indicates a relatively 
rapidly moving mass of mixed detritus and water in 
which the water content is 20-60 per cent by weight or 
volume. The debris flow develops in a stream course or 
channel as a result of high water. A liberal supply of un- 
consolidated material on the floor of the channel becomes 
incorporated into the general fluid mass that surges 
down the channel during a major flood. Such flows are 
considered a manifestation of running water as a geo- 
morphic agent rather than a form of mass movement. 
They invariably occur in stream courses, whereas mass 
movements may take place on any slope and do not 
require a definite channel. The deposits of such debris 
flows are accordingly designated as fluvial. 
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lower margin and the lack of stratification and 
sorting are also characteristic of desert flows. 
The overall shape of the Flint Creek boulder 
field, the heterogeneous distribution of debris, 
the radially aligned ridges, and the absence of 
morainal remnants around the fringes all point 
to a fluvial, probably a debris-flow, origin. 

The writer believes the deposit originated as 
follows: (1) Multiple glaciation occurred in 
Boulder Creek, but the glaciers probably never 
extended more than a few hundred yards be- 
low the mouth of South Boulder Creek. The 
earliest glaciers were the longest and largest; 
the most recent advance was to a point just 
above Princeton. (2) Morainal debris and 
coarse outwash accumulated on the floor of 
Boulder Creek. (3) Either a cloudburst oc- 
curred in upper Boulder Creek or a moraine- 
dammed lake in a headwater basin was sud- 
denly drained, and a large flood surged down 
the main canyon. (4) A major debris flow de- 
veloped which picked up solid material from 
the floor of Boulder Creek canyon above the 
mouth of South Boulder Creek. (5) The ma- 
terial of the debris flow was spread on the floor 
of Flint Creek in lobate form. (6) Flint Creek 
was temporarily dammed at its junction with 
Boulder Creek. The lake thus formed over- 
topped the dam, and the stream incised itself in 
its present location. 

Little morphologic change has occurred since 
the boulders were deposited. Weathering has 
scarcely altered the exposed surfaces, and the 
buried portions are fresh and firm. The deposit 
must therefore be postglacial. 

It is impossible to designate precisely the 
source area for the materials of the deposit. 
Above the mouth of South Boulder Creek the 
canyon floor is littered with glacial debris, and 
a flood could acquire large bed- and suspended 
loads from a 2- or 3-mile stretch with no con- 
spicuous evidence of removal of a large volume 
of material. Deposition of the debris would 
have taken place where spreading and loss of 
velocity were first possible. In Flint Creek val- 
ley this site was 2 miles below its junction with 
Boulder Creek, and here occurred the major 
deposition (Fig. 2). 


SUMMARY 


Despite the doubtful source area of the boul- 
ders on the floor of upper Boulder Creek and 
origin of the necessary flood, the Flint Creek 
field is believed to be a debris-flow deposit. As 
such, it represents a special type of outwash be- 
cause the material is direct glacial debris subse- 
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quently moved and redeposited by stream ac- 
tion. The Flint Creek deposit is not water- 
sorted or stratified; it can be classified as ‘‘non- 
stratified drift,”’ in contradistinction to ‘‘strati- 
fied drift” (Flint, 1957, p. 108-109). 

Possibly other similar boulder fields have 
been assumed to be direct glacial deposits; the 
extent of glaciation elsewhere accordingly may 
have been overestimated. It is also possible that 
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stratified outwash, as may be seen in the Big 
Blackfoot River valley of western Montana, 
have been identified as morainal material. Such 
deposits are superficially similar to the Flint 
Creek field, although careful examination 
should show differences. 

The Flint Creek boulder field is thus an ex- 
cellent example of an indirect glacial deposit 
which may be mistaken for direct glacial debris, 





lag deposits of large boulders from coarse 
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| Abstract: The upper Cambrian Maynardville lime- 
stone was investigated through a strike length of 
8% miles in Jefferson and Sevier counties, Ten- 
nessee. A detailed composite columnar section 
shows five zones in the formation, from the base 
upward: (1) interbedded limestone and shale, (2) 
massive stromatolitic limestone, (3) odlitic and con- 
glomeratic limestone, with thin stromatolitic beds, 
(4) massive and thick-bedded limestone, with a few 
dolomitic and stromatolitic layers, and (5) thin- to 
medium-bedded dolomite, with very little lime- 


|. Index map of the investigated segment of the 
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Stromatolitic Bioherms in the Maynardville 
(Upper Cambrian) Limestone, Tennessee 


stone. Extensive stromatolitic bioherms in Zone 2 
contain subcircular forms, presumably the fossil 
outlines of algal colonies. Many intercolony fillings 
are composed of calcareous odlites and clastic sedi- 
ments in a fine-grained calcitic matrix; others con- 
sist of dolomite and calcareous shale. Similar 
stromatolitic limestones were found in eight other 
outcrop belts of the Maynardville in East Ten- 
nessee. Five localities are listed where the algal 
colonies are well exposed in the outlying belts. 
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INTRODUCTION AND 
ACKNOWLEDGMENTS 


In 1956 exposures of the Maynardville lime- 
stone were studied in Jefferson and Sevier coun- 
ties, Tennessee (Fig. 1). Massive layers reveal 
well-displayed fossil outlines of large algal 
colonies. In the absence of proof of their algal 
nature, they are hereafter called stromatolites. 
Associated with them are other characteristics 
that indicate the composition and age of the 
controversial Maynardville formation. 

No existing literature refers to stromatolites 
in Tennessee in the stratigraphic zone occu- 
pied by the Maynardville. However, Keith 
(1907, p. 7) described the Nolichucky shale 
thus: ‘‘A few feet of peculiar limestone con- 
taining knots or eyes occurs at many places in 
the upper part of the formation next to the 








Knox dolomite’’. Secrist (1924, p. 20), probably 
adapting Keith’s observation, stated that: 
‘Frequently the break between the shale and 
the dolomite is characterized by a few feet of 
peculiar limestone containing knots or eyes’’. 
Because neither observer subdivided the Noli- 
chucky or the Knox, nor mentioned geo- 
graphic locations of the ‘‘knots or eyes’, it is 
difficult to identify the described zone. 

The present writers have found stromato- 
lites in the same stratigraphic zone in several 
different strike belts and believe these strata 
have value in at least local stratigraphic 
correlation. 

The authors wish to thank Messrs. Howard I. 
Young, President of the American Zinc, Lead 
and Smelting Company, and Harley A. Coy, 
Vice-President of the American Zinc Company 
of Tennessee, for permission to publish this 
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paper. They are indebted to Dr. Preston E. 
Cloud, Jr., of the United States Geological 
Survey. Doctor Cloud’s field examination of 
the rock exposures and criticism of the manu- 
script helped them to avoid many pitfalls. 
Thanks are due Dr. John Rodgers of Yale Uni- 
versity, Mr. Robert A. Laurence of the United 
States Geological Survey, and Mr. David L. 
Kendall of the New Jersey Zinc Company for 
critical reading of the paper. 
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Ordovician sedimentary rocks (Table 1). Th 
local strata have been folded and faulted x 
have most of the rock formations in the Appy 
lachian Valley (within which this area lies), 


DESCRIPTION OF THE 
MAYNARDVILLE LIMESTONE 


This formation has been described by Ode 
(1934, p. 475), Rodgers and Kent (1948, p. Il. 
14), Rodgers (1953, p. 46, 49-53), Miller and 
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Figure 1. Index map of the investigat 
Tennessee 


GEOGRAPHIC AND GEOLOGIC 
SETTING 

The Maynardville limestone is fairly well ex- 
posed along much of the 614 miles of strike 
length covered by the geologic map (Fig. 3). 
Choice displays of the bioherms are located on 
the Andy Bailey farm (approximately 114 
miles north-northwest of Douglas Dam) and on 
the Bryan farm, near Devils Den. Good ex- 
posures also occur at Beech Springs Church, on 
the Douglas Mergan farm (4000 feet north- 
west of French Broad Valley Church), and at 
Deep Springs (about 114 miles northeast of the 
Andy Bailey farm). 

The lower third of the Maynardville in the 
map area underlies the south slope and the 
floor of Poor Valley; the upper part extends 
from the floor to heights of 120-200 feet. 
Caves, sink holes, and springs are numerous 
along this outcrop belt; they are large in the 
lower part of the overlying Copper Ridge dolo- 
mite and near the Copper Ridge-Maynardville 
contact, and quite a few are found in the mas- 
sive limestone of the Maynardville. 

The map area is underlain by Cambrian and 


ed segment of the Maynardville outcrop, 


Fuller (1954, p. 33-40), Miller and Brosg 
(1954, p. 15-17), Cattermole (1955, 1958 
1960), and Bridge (1956, p. 10-17). Becaus 
Oder is preparing a detailed discussion of the 
occurrence of the Maynardville in variow 
parts of East Tennessee, our description is con 
fined to the map area. 
Observations made in the vicinities of Bailey 
School, Devils Den, and Beech Springs indicate 
that, in those localities, the formation ranges it 
thickness from 565 to 595 feet and can kk 
divided into five lithologic zones (Figure 2). 
Some of the limestone layers in Zone | ar 
conglomeratic, and some contain small fossi 
fragments; spherical, tubular, or vermifom 
inclusions; and little pitted nodes. The thick 
ness of Zone 2 decreases from 166 feet nea 
Bailey School and Devils Den to 80 feet a 
Beech Springs. The decrease appears to be d 
chiefly to thinning in the upper part of 
zone where the overlying odlitic limesto 
have thickened, and small lenses of dove-gray 
aphanitic limestone are present. 
The contact between Zone | and Zone 21 
often sinuous and irregular and, in plac 
simulates offsetting where there is no eviden 
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of faulting. Blocklike masses of dolomite, 
shale, and limestone resemble breccias between 
the so-called algal colonies, but they seldom 
contain angular fragments. On a south branch 
of Dumplin Creek, about 5000 feet southwest 
of Beech Springs, a block of stromatolitic 
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between or overlie moundlike bodies of the 
massive stromatolitic limestone of Zone 2. 
These structures, where thoroughly weathered, 
probably produce the numerous lensy areas of 
shaly soil along the outcrop of the lower stro- 
matclitic limestone of Zone 2. 






























































TaBLe 1. GENERALIZED STRATIGRAPHIC SECTION 
THICKNES 
AGE FORMATION NAME! eecer . DESCRIPTION 
Light and gray dolomite and 
ienbieii 300 limestone. Moderately cherty. 
to Base marked by “chert matrix” 
780 | sandstone. 
Dark to very light, fine- 
100 grained to crystalline dolo- 
KINGSPORT mite and dove-colored fine- 
to 
- 4002 grained limestone. Cherty 
< and arenaceous zones numerous. 
rs) 
> 
S w 250 Light to fairly dark gray 
x = LONGVIEW to dolomite. Medium- to fine- 
ro) = : 
° 315+ grained. Highly cherty. 
8 
x Mostly light and dark fine- 
= grained to medium crystalline 
CHEPULTE PEC 600 dolomite. Very cherty. 
to Arenaceous zones numerous in 
800 lower half. Heavy sandstone 
- Brosgt at base. 
>, 1958, = 
Becaus 
n of the 900 Dark sugary and light fine- 
varioup COPPER RIDGE 9 grained cherty dolomite. 
n is Cor: 12008 Base marked by 2 to 6 feet 
of sandstone. 
of Bailey . 
mel Light-biue to dark-gray 
indicate z a eTONES 582 laminated limestone “and dolo- 
ranges if x mite. 
can be 3 NOLICHUCKY 550 Bluish, greenish, and yellow 
< < SHALE to 750+ shales and thin limestone. 
a 
ce MARYVILLE Massive dork, blue-black 
¢ LIMESTONE 700 | \imestone. 
8 ROGERSVILLE 250 Green argillaceous thin- 
SHALE bd bedded shale. 
RUTLEDGE 200 Wessive dork Rnestone Ea 
argillaceous laminae. ittle 
LIMESTONE to 5002 | shale toward base. 








limestone appears in Zone 1, with small to 
large inclusions of fine-grained, and some silty, 
dolomite. The stratigraphic position of certain 
strata, which presumably belong in Zone 1, is 
uncertain. They form narrow folds of thin beds 
of limestone and shale which occupy spaces 











The conglomeratic layers in Zone 3 fre- 
quently show small subcircular areas of finely 
crystalline limestone (which form open holes on 
weathered surfaces), cross-lamination, and 
scour structures, interbedded in places with 
thin stromatolitic limestone. Some layers in the 
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lower and middle parts of Zone 4 have ropey 
weathered surfaces which appear to be due to 
holes filled with finely crystalline dolomitic 
limestone and calcitic debris and genetically re- 
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about three-tenths of a mile northeast of Beech 
Springs Church. 

Zone 5 is tentatively placed in the Maynard- 
ville. Most of its dolomite is finely banded and 





| ZONE 5 | 


ZONE 4 


layers 





Thin beds 
gray shole 








(5-5-5 —| DOLOMITE 
a SANDY 
CHERTY 





COPPER RIOGE DOLOMITE 


Thin-bedded dolomite with few limestone 


Heavy-bedded dark- and medium-gray, odiitic, 
crystalline, and granulor limestone, 
ropey ond knotty; 


© 
w a Heavy-bedded dark-gray limestone, odlitic, congiomeratic, 
a z cross-bedded; few thin stromatolitic layers 
2 R 
a 
< 
z 
> 
= =e 
= 
N 
Massive, dark-gray, laminated limestone; stromatoliti 
= colonies bounded by calcareous odlitic and 
o detrital filling in upper 50 feet; random rag- 
N ged dolomite filling in lower 5O feet 


dark -gray 


NOLICHUCKY SHALE: Yellow, groy, buff, purplish 
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few stromatolitic and dolomitic 
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Figure 2. Detailed composite columnar section of the Maynardville limestone in 
tne vicinities of Bailey School and Devils Den, Jefferson and Sevier counties, 


Tennessee 


lated to the holes in Zone 3. In the upper part 
of Zone 4 casts of trilobite cephalons were 
found in thick-bedded limestone south of 
Bailey School, and cross sections of planispiral 
gastropods were observed in blue limestone 


laminated, and a little of it is silty to shaly. No 
exposure of the contact between the Maynard 
ville and the Copper Ridge dolomite was found 
in the map area. Thin slabs of fine-textured 
buff sandstone and ash-gray, buff and brown, 
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fine-textured oolitic chert in the soil were used 
as a provisional boundary between the two 
formations. 


STROMATOLITIC LIMESTONE 


The stromatolitic colonies range from a few 
inches to 4 feet in longest dimension and in 
section are subquadrangular to subturbinate. 
They range from a few inches to 3 feet thick, 
and most of their laminae are subparallel to 
stratification. Although apparently the bases of 
most of them were originally horizontal, some 
are convex, and others are concave upward, 
possibly because of the weight of materials de- 
posited around them, compaction, or the shape 
of the underlying surface. 

A polished section of a colony showed dis- 
connected dark-and medium-gray fragments 
and plates, small grains, elongate tubular forms, 
and nests of dark-gray odlites with fine, granu- 
lar buff-colored centers, with interstitial buff to 
yellow fine granular material. A few filmlike, 
brown, crinkly, shaly laminae roughly parallel 
the base. Examination by a hand lens revealed 
numerous small red grains in both the lime- 
stone and the buff material. 

The spherical and tubular forms conceivably 
represent casts of functional parts of algal 
bodies, replaced and enlarged by calcium carbo- 
nate. The larger limestone fragments, and most 
of the small grains may have encrusted the 
main part of the algal mat. The confused 
arrangement of the constituents probably re- 
sulted from the impact of ocean waves and the 
collapse of calcium carbonate when the gela- 
tinous mat disappeared. 

The most impressive intercolony fillings 
occur in the upper 50 feet of Zone 2 in bands 
and irregular areas of coarse- to medium- 
grained limestone made up of calcareous odlites 
(up to 3 mm in diameter), small limestone 
particles, calcareous sand, and minute fossil 
fragments, in a fine-grained calcitic matrix. 
Some of the fillings are composed of fine- 
grained dolomite. Many of their weathered 
surfaces are dull dark gray; some are buff. A 
few are smooth, but the odlites and calcareous 
grains standing in relief give many a sandy ap- 
pearance. The bands range from | to 8 inches in 
width; many encircle the colonies; quite a few 
are long and rambling. In places, the bands 
coalesce in large irregular areas, and the colonies 
resemble small islands. Some bands are essenti- 
ally flat, parallel the bedding, and probably 
separate two periods of algal growth. 

Bodies of dolomite and calcareous shale are 
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classified as intercolony fillings in the lower 5) 
feet of Zone 2. The dolomite filling is fine 
grained, medium to light gray, and weathers to 
a buff or limonitic brown. It forms countles 
scattered ragged areas and many subtriangular 
blocks of varying size. Between some of the 
larger fillings, the colonies are bounded by 
shaly partings, small splotchy areas of dolomite, 
and small ragged areas of odlitic and detrital 
limestone. Frequently, calcareous shale and 
dolomite filling grade into one another, forming 
breccialike masses with cross-lamination in the 
dolomite. 

Thin, hard, crinkly shaly partings separate 
much of the dolomite from the algal limestone, 
Where the partings are absent, the dolomite 
replaces the algal limestone for varying dis 
tances beyond the fillings. Remnants of calcitic 
clastic sediments in the dolomite fillings, and 
partial dolomitization of the calcareous fillings 
suggest that the earlier fillings were mixtures of 
calcareous clastic sediments and muds washed 
into open spaces by waves and currents and 
later dolomitized. The widespread dolomite 
fillings in the lower main stromatolitic zone 



































may indicate the greater porosity of that zone§ 


or variable concentrations of magnesium in the 
sea water. 

Because of the ragged nature and random 
distribution of the fillings in the lower part of 
Zone 2, Preston Cloud (oral communication) 
questioned whether their margins were bounded 
by stromatolitic colonies. A few fillings, how 
ever, encircle limestone that closely resembles 
the limestone colonies of the upper part of the 
zone. Furthermore, the fillings occur in a 
massive laminated limestone which appears 
similar in origin to the stromatolitic limestone 
in the upper part of the zone. 

In the middle 60 to 66 feet of Zone 2, deft 
nite inter-colony fillings are few, scattered, and 
obscure. Short narrow bands and small ragged, 
random patches of odlitic, coquinoid, or de 
trital limestone, similar to fillings in the upper 
50 feet of the zone, appear occasionally in 
massive, highly laminated limestone that re 
sembles the overlying stromatolitic material. 
This middle zone also contains scattered small 
areas of buff-colored dolomite similar to that in 
the underlying strata. Thin, crinkly, shaly 
partings bound or partially bound some sub 
circular areas of massive laminated limestone a 
possible algal origin. Some good exposures, 10 
30 feet long and 20-30 feet thick, show no evr 
dence of colonies. 

The origin and age of the intercolony filling 
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ower WB are uncertain. Small patches of detrital lime- 
is fine- § stone grains and odlites, similar to those in the 
thers tof fillings within the colonies in the upper part of 
ountles the main stromatolitic zone, suggest that the 
angular § colonies and the fillings formed contemporane- 
> of the § ously in shallow water. The unusual dimensions 
ded by of some of the fillings indicate deposition be- 
lomite, tween fairly thick disconnected algal mats. 
detrital § Fine calcareous muds, later dolomitized, were 
ale _and§ deposited between the colonies in more limited 
forming § areas. During periods of arrested algal growth, 
1 in the F the filling sediment covered the mats. 
Laminae are the principal features suggestive 
separate § of an algal origin for the massive limestone in 
nestone. § the middle of Zone 2. 
lolomite§ ~The poorer configurations of the colonies in 
ing dis § the lower 50 feet of Zone 2 appears due to 
‘calcitic their beginning as massive mounds on a soft 
gs, and§ substratum, at a time when the influx of argil- 
s fillings § Jaceous and calcareous muds became intermit- 
‘tures of § tent. Subsequently, thin layers of limestone and 
washed § shale were deposited over the mounds. Further 
nts and§ deposition of the heavy algal limestone caused 
lolomite§ the underlying strata to compact and form 
ic ZoneB folds around the mounds. Some of the earlier 
1at Zone§ stromatolitic colonies were mashed and tilted 
n in the§ into underlying beds. Open spaces left by this 
process were filled with argillaceous and cal- 
random§careous muds; the calcareous fillings and ad- 
"part off iacent edges of the stromatolitic limestone be- 
ication) § came dolomitized. Further compaction caused 
rounded § slight foundering, gliding, and breaking, which 
3s, how-§ produced blocklike masses resembling breccias. 
ssembles§Some of the blocks of dolomite were pressed 
rt of the finto the massive limestone along colonial edges. 
ur in af Numerous hard, brown, coarse-to moderately 
appeats§crenulated, thin shaly laminae occupy varied 
mestone § positions in the Maynardville. They are abun- 
dantly associated with banding in the massive 
- 2, defi flimestone, subparallel to bedding. Much of the 
red, and banding, however, is produced by crowded, 
| ragged, § parallel, flat-lying stromatolitic laminae. 
, or d¢§ Thin shaly films separate many of the colonies 
1e upper §and fillings. Similar partings extend from some 
nally infof the colonies through adjacent fillings. Some 
that refare slightly displaced, and their arrangement 
material. suggests periodic deposition of both colonies 
ed smallfand fillings. Occasionally, the partings between 
o that itfcolonies and fillings are bent downward and 
y, shaly§ive the colonies a slight upward convexity. 
me subGSometimes this is pronounced enough to inti- 
estone @§mate that the fillings settled into place after 
ures, l0Gdeposition of the algal limestone and the shaly 
v no €vr§material. 
Algal limestones are not confined to the 
main stromatolitic zone but occur intermit- 
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tently from Zone 2 upward. With the exception 
of one 25-foot thickness in the lowre part of 
Zone 4, those above Zone 2 are comparatively 
thin. Their observed principal characteristics 
are similar to those in Zone 2. 


GEOGRAPHIC DISTRIBUTION 


The stromatolitic limestones are exposed 
intermittently through a strike length of 814 
miles in the map area, and they probably extend 
beyond the map area in the same outcrop belt. 
Their breadth of outcrop ranges from 1500 to 
2000 feet, and they occur through approxi- 
mately 550 feet of beds. 

Similar limestones were observed in eight 
other outcrop belts of the Maynardville in 
East Tennessee. The volume of shale above and 
below the algal limestone is greater in some 
of the belts than it is in the map area. Stro- 
matolitic colonies are well exposed in the 
following localities: 

(1) Slightly more than 4 miles northwest of 
the map area, along the New Market- 
Piedmont road, 0.9 mile south of Rocky 
Valley Church; 

Approximately 16 miles northwest of the 
map area; about 300 feet southeast of a 
quarry on State Highway 92, and 2 miles 
south of Rutledge, in Grainger County; 
About 20 miles northeast of the map area 
and approximately 514 air miles west of 
Morristown, in Hamblen County: along 
a branch of Panther Creek, about 4000 
feet north-northwest of Hiawatha School; 
(4) Approximately 30 miles west-southwest 
of the map area, in the Ball Camp com- 
munity: on the J. A. Mays farm, 3000 
feet southwest of Valley Grove Church; 
and 
(5) About 45 miles northeast of the map 
area, slightly beyond the northern edge 
of Greeneville, in Greene County: near 
the western edge of the Greeneville- 
Baileyton road, along Possum Creek. 


FOSSIL REMAINS 


Except for stromatolites and tubular casts, 
fossil remains are not abundant in the Maynard- 
ville of the map area. The majority of those ob- 
served are small fragments of shell casts. These 
occur at various levels, and many suggest re- 
worked material. A few impressions of gastro- 
pods and trilobites were found in the upper 
half of the formation. Some boring organism 
may have made the “‘knotty limestone’’ holes 
in Zones 3 and 4. No identifiable fossils were 
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found in the stromatolitic limestones. 


CONCLUSIONS 


Difficulties concerning the age relations and 
mapping of the Maynardville limestone are 
caused by its variable character. Some of the 
variation is due to the irregular occurrence of 
massive algal limestones in the Maynardville. 
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formation in East Tennessee, and they hay 
definite value in the correlation of the May. 
nardville in separate areas. 

The algal remains and other conspicuoy 
features of the Maynardville show that it vel 
deposited in shallow or shoal water. Importam 
quantities of shale and dolomite in its com 
position provide a transition between the shak 





of the Nolichucky and the dolomite of th 
Copper Ridge. 


Stromatolitic bioherms, similar to those 
described in this paper, are widespread in this 
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Origin of Cyclothems of the Dunkard Group 


(Upper Pennsylvanian-Lower Permian) in 


Pennsylvania, West Virginia, and Ohio 


Abstract: Cyclothems in the Dunkard group (up- 
permost Pennsylvanian and/or lower Permian) in 
Pennsylvania, West Virginia, and Ohio comprise an 
alternating sequence of alluvial-plain and lacrustrine 
delta-plain sediments and show an asymmetric se- 
quence of depositional environments imposed on 
symmetrical cycles of clastic grain size and of sub- 
mergence. The widespread development of cyclo- 
themic deposits in other late Paleozoic basins as 
well as in the Dunkard requires explanation. The 
synchroneity of cyclothem development through- 
out wide areas as well as other cyclothem character- 
istics prevents acceptance of any theories of local 
control; theories  } regional diastrophism involve 
unknown tectonic mechanisms and do not explain 


certain other patterns of cyclothem development 
and occurrence; glacial-eustatic theories require re- 
peated formation, as yet unverified, of continental 
glaciers and involve subsidiary assumptions about 
climatic fluctuations. Some characteristics of 
Dunkard (and possibly other) cyclothems, particu- 
larly the evidence for concurrent channel cutting 
and interchannel deposition, suggest that the in- 
creased competence of rivers resulted from changes 
in discharge rather than from modifications of 
regional slope by uplift or by lowered sea level. 
Climatic cycles would cause such changes in stream 
runoff, would account for the principal features of 
cyclothems, and are known to have affected late 
Cenozoic erosion and deposition. 
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INTRODUCTION 


Since Weller (1930) revived and developed 
further the concept of cyclic sedimentation in 
Pennsylvanian rocks, stratigraphers have of- 
fered a variety of theories (Weller, 1956) for 
the origin of cyclothems. In spite of their vari- 
ety, none of these theories has given complete 
satisfaction—even to their proponents—al- 
though several seem to fit most of the data. In 
these circumstances and because of the signifi- 
cance of cyclothems in late Paleozoic stratig- 





raphy, I offer in this paper a re-examination 
of the cyclothem problem. I also offer a new 
theory of cyclothem origin based principally on 
the features of the Dunkard group, the upper- 
most Pennsylvanian and/or lower Permian 
rocks in Pennsylvania, West Virginia, and 


Ohio. 
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Tase 1. 


(After Weller, 1957) 


LirHoLoGy AND ENVIRONMENTS OF DeposiTION IN A TypicAL ILLINoIs CycLOTHEM 








Member 


Lithology 


Environment of deposition 


Probable Dunkard equivalent 
(members after Cross, 1950) 





l 


. Channel sandstone; 
massive, cross-bedded, 
silty; some fossil 
plants or 

. Sheet sandstone; thin- 
bedded; silty, shaly 


Sandy shale; 
rare plant fossils 


r*) 


a 


Lower limestone; 
nodular or well 
bedded; some 
ostracods, pelecypods, 
and gastropods; some 
fossil plants 


Underclay; root 
markings 


Coal 


Lower shale; even bedded; 
silty; leaf impressions; 
rare marine, brackish, 
and fresh-water faunas 


Middle limestone; dark; 
discontinuous lenses; 
brachiopods and foramin- 
iferans 


Middle shale; black, fissile 
shale grading up to gray, 
calcareous; black shale 
has rare inarticulate brachi- 
opods and nektonic species 
of other animal groups; 
gray shale has a rich mol- 
lusk-brachiopod assemblage 


Upper limestone; variable- 
massive, well bedded, 
shaly; brachiopod and 
pelecypod faunas 


Jpper shale; well bedded, 
massive; ironstone 
concretions; rare marine 
fossils 


a 


Alluvial channel and 
point bars 


? Alluvial plain and 
channels 
? Alluvial plain 


Lacustrine 


? Soil on alluvial plain 


Swamp 


Brackish (?lagoon or sea 
of Baltic type) 


Marine (? embayment or 
sea of Baltic type) 


Marine, neritic, grading 
from anerobic to normal 
aerated environments 


Marine, neritic 


Brackish or fresh-water 
embayment (? of 
Baltic type) 


Member 7, channel sandstone 
or sheet sandstone 


Member 8, silty shale 


Members 9 and 10, limestone as 
variant of claystones 


Members 9 and 10, claystones, 
form lower part; thin plastic 
clay (member 11) forms upper 


Members 1 and 3, coal and 
carbonaceous shale 


Member 4, roof shale 


Member 2, dark limestone, has 
similar characteristics but 
underlies roof shale (member 4) 


In part member 4, roof shale; 
black shale (member 3) 
associated with coal may be 
environmental equivalent 


May be represented by thin 
limestone lenses in member 5, 
shale and silty shale 


Member 5 and 6, silty shale and 
siltstone 
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DUNKARD GROUP AND ITS 
CYCLIC CHARACTERISTICS 


Classical Cyclothem 


The concept of the cyclothem was derived 
principally from study of Pennsylvanian rocks 
in Illinois (Udden, 1912; Weller, 1930). Other 
Pennsylvanian cyclic sequences, the predomi- 
nantly marine type of the mid-continent (R. C. 
Moore, 1950) and the predominantly terrestrial 
type of the Appalachian Plateau (Reger, 1931; 
Wanless, 1946; Cross and Schemci, 1956), have 
been described in detail. Stratigraphers have 
recognized cyclothems in Mississippian (Siever, 
1953; Dally, 1954) and Permian rocks (R. C. 
Moore, 1950) on the North American continent 
and similar deposits of Permo-Carboniferous 
age in Europe (Hudson, 1924) and India 
(Jacob, 1952, p. 163). Cyclothems may also oc- 
cur in the Permo-Carboniferous coal measures 
of Australia, Africa, and South America. None 
of these studies, however, has greatly modified 
the general concept.! 

Weller recognizes 10 lithologic units in the 
Illinois cyclothems and gave (1957) a detailed 
environmental interpretation for each, as sum- 
marized in Table 1. He points out that few, if 
any, Illinois cyclothems comprise all 10 units at 
a single locality. The simplest sequence—the 
one that defines the cycle—consists of: member 
1, sandstone; member 4, underclay; member 5, 
coal; member 9, marine limestone; member 10, 
shale. Each member displays some lateral vari- 
ation and may disappear locally, but each is 
typically widespread and maintains, with few 
exceptions, the same sequential relationship. 
The other five units show a similar constancy 
of position in the cycle, though they are more 
variable laterally. 


Dunkard Cyclothem 


The Dunkard cyclothems show considerable 
similarity to those in Illinois but lack the marine 
units. Cross (1950, p. 99-100; Cross and 


1Troedsson (1950) described similar cyclic deposits 
in the Rhaetic-Liassic section of Sweden, and Bersier 
(1950) recognized them in the Cenozoic deposits of the 
Alpine foreland. The cycles known from the Cretaceous 
of the western United States (Young, 1957) differ 
markedly from the late Paleozoic type. Wanless (Per- 
sonal communication) suggests that the latter difference 
resulted from greater slope of the depositional surface. 
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Schemel, 1956, p. 38) described an 11-member 
cycle (Fig. 1) as typical for the upper Monon- 
gehela and lower Dunkard and an 8-member 
cycle for the upper Dunkard. Although par- 





Member Column Lithology 
i Clay, gray, plastic 
Claystone, gray, limy 
10 
varies to limestone 
Claystone, red, limy 
9 
varies to limestone 
8 Siltstone 
Sandstone, -in 
7 channels or sheets 
6 Siltstone 
5 Shale, silty 
4 — Shale, clay 
3 Shale, carbonaceous 
2 Limestone, dark 


Coal 





! 
Figure 1. Idealized Dunkard cyclothem 


ticular cyclothems can be traced throughout 
the Dunkard basin, none of the members within 
cyclothems has comparable continuity, and 
most vary greatly within a few miles. 

In spite of this lateral variation, the members 
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tend to have a constant position within each 
cyclothem, although some exceptions occur. 
The Dunkard cyclothems ‘occur in bundles 
of similar lithology. In a local section several 
successive cyclothems typically show the same 
lithologic units and cyclic sequence and include 
about the same thickness. Above and below 
this group of cyclothems occur other bundles 
of markedly different character (Cross, 1950, 
p. 101-104). The Dunkard also shows facies 
variation: limestone (and associated coaly beds) 
predominates in the northeastern end of the 
basin; sandstones and red shales predominate in 
the southwest (Cross and Schemel, 1956, p. 38- 
41; Arkell, 1959, p. 121-126). Therefore the 
cyclic fluctuations in environment of deposition 
(cyclothems) are imposed on regional variations 
in environment (facies) and are modified by 
longer secular fluctuations in the regional en- 
vironments (cyclothemic bundles). 


Dunkard Environments of Deposition 


The members of the Dunkard cyclothem 
each represent distinct environments of deposi- 
tion. The lithology of many of these units, and 
presumably the environments of deposition, 
show a general similarity to those of the Illinois 
cyclothem, but lacustrine or alluvial deposits 
replace the marine portions of the Illinois sec- 
tion. In consequence, the Dunkard comprises 
a mixture of flood-plain, channel, swamp, and 
lake deposits, and it is appropriate to discuss the 
Dunkard in terms of the environments of the 
modern Mississippi alluvial plain and delta?, as 
described by Russell (1936), Fisk (1944), Fisk 
and McFarlan (1955), Fisk, McFarlan, Kolb, 
and Wilbert (1954), Fisk and McClelland 
(1959), Shepard (1956), and Shepard and Lank- 
ford (1959). 

Dunkard coals (Cross’s member 1) are thin, 
impure, and discontinuous. Where best devel- 
oped, they apparently are autochthonous and 
represent swamp deposits; where they inter- 
grade with thinly laminated carbonaceous 
shales, they are probably allochthonous and 
represent fragmentary plant material accumu- 
lated on the bottoms of marshy ponds and lakes. 

The laminated carbonaceous shales (Cross’s 
member 3) and the coals appear as variant 
lithotopes of the same or closely associated 
phases of the cycle. These shales typically carry 


2D. Moore (1959) made a somewhat similar analysis 
of the British Carboniferous cyclothems. His interpre- 
tation of various lithologic units is similar to that given 
in this paper. 
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estherids, ostracods, fish scales and teeth, car: 
bonized plant fragments, and, in a few placesis 
the lower Dunkard (Washington coal), lingulj 
brachiopods. 

The character of the bedding indicates depo 
sition in quiet water; the preservation of car 
bonaceous material demonstrates reducing (ang 
probably anaerobic) conditions at and/or beloy 
the surface of deposition. Temporary saline cop: 
ditions permitted entry of the lingulids. Theg 
characteristics imply deposition below way 
base in lakes or in bays; they do not indicat 
any great depth, since the adjoining swamp 
and possibly the aquatic vegetation in the lake 
restricted circulation and wave action. A fewa 
these black shales may be equivalent to th 
fissile middle shale (member 8) of the Illinois 
cyclothem (Wanless, personal communication, 
believes not), but most resemble more closely 
the shaly variants of the coal (member 5) « 
described by Weller (1957, p. 346-348). 

The discontinuous distribution of Dunkard 
coals indicates contemporaneous peat depos 
tion in several isolated swamps. Cross suggested 
(1950, p. 102) that a particular coal may repre 
sent a slightly different time of deposition in 
each swamp. Since the ‘‘main”’ coal in a par 
ticular cyclothem varies markedly in its char 
acter and stratigraphic associations from ex 
posure to exposure, only the zone, not the par 
ticular coal bed, can be correlated through the 
Dunkard basin. Near the eastern edge of the 
basin some coals split (Arkell, 1959, p. 122) 
with the wedging in of clastic beds between 
coal seams. 

The occurrence of clay partings and of lam 
inated clay shale, siltstone, and very fine sand 
stone between beds of coal or carbonaceous 
shale indicates temporary interruption df 
marshy or anaerobic depositional environments 
and an influx of clastic sediments. The channel- 
ing, cross-bedding, and fine lamination of the 
coarser clastics indicate levee or minor channel 
environments; the clay and clay shale probably 
represent low, poorly drained flood plains (back: 
swamp environment on the Mississippi alluvial 
plain) or shallow lakes and ponds. 

The Dunkard coals are thickest and most 
numerous in the northern end of the basin and 
wedge out to the south (Arkell, 1959, p. 122). 
In this character they are associated with the 
limestones and lacustrine shales (see below) and, 
in conjunction with these rocks, indicate that 
the depositional surface in the northern part df 
the basin was relatively lower than that in the 
southern. 
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Very commonly Dunkard limestones occur 
in intimate association with the coals and car- 
bonaceous shales. They may underlie, be inter- 
bedded with, or more rarely overlie, the car- 
bonaceous beds. Cross and Schemel (1956, p. 
38) distinguish two types, a gray or tan lime- 
stone, which underlies the coal and is considered 
a facies equivalent of the claystones (members 
9 and 10) that more typically occupy this posi- 
tion, and a dark carbonaceous limestone (mem- 


ber 2), which is interbedded with the coal and 


may be the facies equivalent of the marine lime- 
stone in the lower and middle Pennsylvanian 
beds. I agree that the latter type is associated 
with the coal and that the first type is more 
commonly beneath the coal. However, gray 
limestones also occur with and above coals, and 
no obvious criteria separate these from those 
below the coals. Detailed petrographic studies 
have not been made. 

In the Dunkard the carbonaceous limestone 
is typically thin, irregular, and in many places 
nodular. The fauna comprises Spirorbis and, 
rarely, vertebrate remains. Carbonized plant 
fragments are abundant. Lingulids have been 
collected at a few places (Cross and Schemel, 
1956, p. 54). The close association with the coal 
implies some sort of environmental relationship 
—almost certainly lakes or brackish lagoons, 
presumably marginal to or within the coal 
swamps. These limestones resemble the middle 
limestone (member 7) of the Illinois cyclothem 
insome characteristics but occur below the roof 
shales (Illinois member 6) rather than above 
them. 

In fully developed cyclothems, laminated 
clay shale (Cross’s member 4) overlies the coal 
and carbonaceous shale. These shales typically 
show reduced colors—green, gray, or olive— 
and bear numerous leaf and stem impressions. 
More rarely they contain calcareous zones, thin 
carbonaceous shales, and/or thin lenses of 
nodular limestone. In areas where red clay- 
stones are well developed, the lower portion of 
these roof shales may be red, pink, or tan and 
grade upward to green or gray. The bedding, 
the reduced colors, and the well-preserved, 
delicate leaves indicate deposition in quiet, 
lacustrine environments. These shales appear 
equivalent to member 6 cf the Illinois cyclo- 
them. 

The clay shales ordinarily grade upward into 
well-bedded silty shales (Cross’s member 5). 
Their color is, with exceptions, reduced; they 
are typically olive or gray, but some are choco- 
late or tan. They commonly include small im- 


pure limestone lenses and beds of limy nodules 
and, less commonly, thin carbonaceous partings 
and/or leaf impressions. Thin beds of siltstone 
and sandy siltstone occur in increasing numbers 
toward the top of this unit, and a transition 
(Cross’s member 6) to the overlying sandstone 
is present in most cyclothems at any one lo- 
cality. In some sections, particularly toward the 
southern end of the basin, sublaminated and 
blocky silty shales or rubbly mudstones replace 
a part or all of the well-bedded shales. Some of 
the mudstones are variegated red and tan. 

Environmental interpretation of this shale- 
siltstone unit is difficult. The fossils, rare plant 
fragments, and even more rare terrestrial verte- 
brates, do not help much. The former occur, at 
least in a few places, in both lake and flood-plain 
environments; the latter are so rare that they 
have no real significance. On recent flood plains 
well-bedded sediments occur wherever the orig- 
inal stratification is undisturbed by plant roots 
or repeated desiccation; on deltas they pre- 
dominate on the shallow delta platform. The 
flood-plain environment (presumably equiva- 
lent to the Mississippi River back swamp) 
would necessarily be one of rapid deposition 
(lack of disturbance by plant roots) and con- 
tinuous high water table (lack of desiccation). 
The bedding in thin alternate clay and silt lay- 
ers would have a greater probability of survival 
than that in homogeneous layers of mud. One 
would expect well-bedded siltstones and alter- 
nating thin siltstones and silty shales with 
thicker mudstones.* Some of these might pre- 
serve (or develop) oxidized colors. This set of 
characteristics agrees with those shown com- 
monly by this member in the southern end of 
the Dunkard basin, and such an origin seems 
the most reasonable interpretation from pres- 
ent data. 

Delta-platform clays and silts, deposited in 
extensive lakes, would retain their well-bedded 
character and would lack oxidized colors. These 
are the typical characteristics of this shale-silt- 
stone member in the northern part of the 
Dunkard basin. If I have interpreted the en- 
vironments of deposition correctly, a lake or 
more probably a complex of lakes occupied the 


3 Shepard and Lankford (1959, p. 2058) described 
such associations from the submerged delta platform of 
the Mississippi River. Since the effect of salinity on clay 
deposition is marked, it is difficult to compare the 
lacustrine sediments of the Dunkard group with the 
marine sediments of the modern Mississippi River, but 
the present consensus of stratigraphers seems to be that 
lake deposits are laminated (e.g., Picard, 1957, p. 376). 
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northern end and a low flood plain the southern 
end of the basin during this phase of the cycle. 
Shore lines presumably fluctuated within and 
between cycles. The interpretation of differen- 
tial subsidence within the basin indicated by 
this paleogeographic relation agrees with that 
drawn from the distribution of the coals (see 
above) and limestones (see below). 

This shale-siltstone unit agrees in lithologic 
character and position with the upper shale 
(member 10) of the Illinois cyclothem. It may 
also correspond with some of the other Illinois 
cyclothem members, the marine shales and 
limestones (members 7, 8, and 9), but I believe 
that these chemical and very fine clastic marine 
phases are condensed into the coal-carbonaceous 
shale-carbonaceous limestone-gray limestone— 
roof shale complex that occurs below the 
Dunkard member 5. 

In most Dunkard outcrops the shale-siltstone 
unit is transitional (the transition is Cross’s 
member 6) upward to fine argillaceous and silty 
sandstones (member 7). These sandstones are 
well bedded; they range from massive, fine-sand 
beds 1-2 feet thick to silt-sand laminae. The 
massive beds are typically lensing, and some 
show local scour at their base or, more rarely, 
are conformable at the base and convex upward 
in barlike form. The poor sorting and the ir- 
regular lensing character of these massive sands 
suggest rapid deposition in river channels or in 
bars at the ends of delta distributaries. The 
laminated siltstones and very fine sandstones 
may represent levee, channel, or delta-plat- 
form deposits. Where interbedded with a con- 
tinuous sequence of limestones, coals, and finely 
laminated shales, they are almost certainly of 
lacustrine or delta-distributary origin. Where 
the underlying shales are irregularly bedded or 
rubbly and somewhat oxidized the sands were 
probably deposited in channels and on levees 
of an alluvial flood plain. These sandstones as 
well as the channel sandstones described in the 
next paragraphs correspond to member 1 of 
Weller’s Illinois cycle. 

In most, if not all, Dunkard cyclothems the 
sand member (7) thickens locally to fill chan- 
nels cut into the underlying beds. Neither the 
dimensions nor geography of any of these chan- 
nels has yet been fully described. (Martin and 
Mushake published an abstract (1957) on the 
basal sandstone of the Dunkard, the Waynes- 
burg). They range in depth from minor*scour 
of a few feet to 30 and possibly as much as 100 
feet. Although typically filled by massive or 
flaggy cross-bedded sandstones, laminated sands, 
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coarsest sediment in the Dunkard, ranging from 
fine to medium (rarely coarse) sand-grade sizes 
and including, particularly in the basal portion, 
conglomeratic lenses. Pebbles in the con 
glomerate comprise mud galls, limestone and 
ironstone nodules, carbonized plant fragments, 
and rather rarely quartz, chert, and feldspar, 
The mud galls and the limestone and ironstone 
nodule pebbles were almost certainly derived 
locally from the sediments through which the 
channel was cut, for they resemble very closely 
the shales and claystones (and their included 
nodules) that border and floor the channels, 
The carbonized plant fragments may represent 
driftwood brought down the channels, but in 
other cases they are clearly pieces of peat re 
worked, like the nodules and mud galls, from 
the sediments into which the channel was cut 
The quartz (and the much rarer chert and 
feldspar) pebbles must have originated some 
distance upchannel—either in the Appalachian 
source area somewhere to the east or possibly in 
Pennsylvanian and Mississippian rocks exposed 
by upwarping beyond the edges of the present 
basin. 

Sorting of the sand ranges from good to poor, 
and in some beds the clay-silt percentage is very 
high. Cross-bedding and cut-and-fill structures 
are well developed, but ripple marks are rare, 
Carbonized plant fragments and impressions of 
tree trunks and bark are locally abundant. 
Laterally, where channel borders can be ob 
served, these sandstones wedge out against the 
channel sides, and the unconformable surface 
disappears in a thin transitional siltstone-sané 
stone sequence. The massive or flaggy sané 
stones also grade out laterally into thin-bedded 
siltstones and sandstones. No petrologic studies 
of these sands have been published. 

Channels, cross-bedding, fossil plants, and 
variation in sorting and grain size imply fluvial 
deposition, but whether on flood plain or ia 
delta distributaries or both is not clear. The com 
current deposition of laminated (and presumr 
ably lacustrine) silts and even of lacustrine 
limestones (Cross and Schemel, 1956, p. 41) 
outside the channels strongly suggests that 
some portions of the channels were delta dis 
tributaries and were cut into the lacustrine 
delta-platform sediments, as the Mississippi 
distributaries now cut 100 feet and more inte 
the marine delta-platform sediments. The dis 
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appearance of the unconformities and the evi- 
dence of complete sedimentary transitions out- 
side the channels strongly indicate continued 
deposition, alluvial or lacustrine or both, during 
the period of channel cutting. 

Most Dunkard sandstones grade upward into 
sandy and clayey siltstones—Cross’s member 8, 
which comprises both well-laminated beds, 
some with thin, lens-shaped limestone nodules, 
and more massive unbedded units similar struc- 
turally to the overlying claystones. In the cycles 
where both occur, the laminated beds typically 
underlie the massive. The massive siltstones 
typically contain irregular masses and beds of 
silty lirrestone nodules. These differ from the 
surrounding beds only in the concentration of 
calcite and may represent ground-water con- 
centrations controlled by porosity and perme- 
ability changes rather than primary limestones. 
Similarities of member 8 to the underlying 
sandstone and siltstone units (5, 6, and 7) imply 
similar environments of deposition—a mixture 
of shallow channel, natural levee, clay plug, 
back swamp, and lacustrine. This member cor- 
responds te number 2 of the Illinois cycle. 

The siltstones pass upward without break 
into silty claystones, which pass into claystones. 
Cross distinguishes two members, a lower green- 
ish to reddish unit (number 9) and an upper 
gray or green unit (number 10). The two show 
many features in common, including (1) various 
percentages of carbonate ranging to argillaceous 
limestone, (2) irregular stringers and zones of 
calcareous concretions or nodules, and (3) lack 
of bedding. They differ in the oxidized colors of 
the lower unit (typically mottled or variegated) 
and in the preservation of ostracods and gastro- 
pods in the upper. The nodules (or concretions) 
must have formed soon after deposition, for 
fragments of them were deposited in the chan- 
nels cut in the succeeding cycle. 

These two members bear a facies relationship 
to each other. In the northern portion of the 
Dunkard basin, the red claystones are thin or 
absent, and the gray claystones are relatively 
thick and common. Toward the southern end 
of the basin the red claystones thicken and 
occur in most exposures of most cycles as the 
gtay claystones thin and become rarer. The 
carbonate percentage shows a similar pattern, 
decreasing toward the south. 

The oxidized colors and the absence of bed- 
ding indicate deposition on a flood plain, in an 
environment equivalent to the present Missis- 
sippi River back swamps. Growth of plant roots 
and occasional desiccation and other weathering 
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phenomena would have disrupted any original 
bedding structures. In the lower parts of the 
flood plain extensive lakes must have formed 
during flood stage; these would provide for 
deposition of carbonates; leaching and ground- 
water circulation during more arid phases 
would form the nodular limy zones and carbon- 
ate concretions. In general the lower (and wet- 
ter) flood plains in the northern end of the basin 
would have been reducing environments; the 
higher (and drier) flood plains in the south 
would have been oxidizing. In the very lowest 
portions of the basin, lakes persisted through 
this period with consequent deposition of marls, 
limestones, laminated shales, and carbonaceous 
shales. Some portion of the upper gray clay- 
stone may represent diagenetic reduction be- 
neath the succeeding marshes (and peat beds). 
These claystones compare in lithology and 
structure with the lower subdivisions of Wel- 
ler’s underclay unit (member 4 of the Illinois 
cyclothem). 

The thickest and most widely distributed 
Dunkard limestones occur as interbeds in or as 
facies replacements of the claystones. Lime- 
stones, however, occur as facies replacements of 
most if not all members of the Dunkard cyclo- 
them, and the following discussion applies to 
all such limestones except the dark carbon- 
aceous ones described above. As already indi- 
cated, most Dunkard limestones are limited to 
the north end of the basin. (See Arkell, 1959, 
p. 122-126, for more detailed description.) 

Lack of uniformity is the most typical feature 
of the limestones. Some are impure, really 
marlstones, and a very few are silty or sandy. 
Others are relatively pure, high-lime beds. 
They vary laterally within short distances and 
show extreme structural and compositional 
variation within the same limestone unit. A 
typical unit might comprise: (1) massive beds 
of gray marlstone and limestone; (2) limy gray 
claystone; (3) laminated limy gray shale; (4) 
laminated gray argillaceous limestone; (5) thin 
laminated carbonaceous shales; (6) beds of 
limestone nodules in limy claystone or shale. 
Types 1, 2, and 6 are the most persistent; they 
extend in some cycles into the southern end of 
the basin. Ina particular cyclothem, at a partic- 
ular locality, only one type of limestone may ap- 
pear, but in many of the thick units toward the 
northern end of the basin all five types (and 
variants of the types) occur in the same cyclo- 
them. In a few areas the sandstone, siltstone, 
shale, and claystone members are reduced to 
thin lensing beds, and a number of successive 
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cyclothems consist primarily of limestone and 
limy shales with carbonaceous interbeds. Some 
limestones are mud-cracked; ‘others represent 
desiccation breccias, either residual cobbles or 
transported, lime-mud pebbles. The mud 
cracks, desiccation breccias, and coaly inter- 
beds indicate shallow-water deposition. 

Vertebrate fossils—fresh-water sharks, lung 
fish, crossopterygians, paleoniscid fish, and 
aquatic amphibians—are relatively common in 
the limestones or associated limy shales and 
claystones. Ostracods, gastropods, Spzrorbis, 
and, rarely, pelecypods also occur in the lime- 
stones, and carbonized plant fragments are 
locally abundant. 

Fossils, composition, and structure all indi- 
cate fresh-water deposition, almost certainly 
lacustrine. The marked variation in character- 
istics must then be related to differences in en- 
vironment within large lakes and to differences 
between lakes. The lakes would have ranged 
from small flood-plain ponds to extensive 
though shallow bodies of water occupying a 
large portion of the basin. In a broad sense, the 
Dunkard limestones in members 9 and 10 are 
equivalent to member 3 of the Illinois cycle. 

The eleventh member of Cross’s idealized 
cyclothem isa gray plastic clay. In the Dunkard 
these clays are thin—most no more than a part- 
ing—and of restricted geographic extent. Only 
a few, like that beneath the Washington coal, 
are as thick or as persistent as the underclays of 
the Eastern Interior Basin. They differ typi- 
cally from clay shales beneath them in their 
plasticity and in their lack of carbonates. They 
commonly contain carbonaceous partings and 
lenses. They are equivalent to the upper part 
of the Illinois underclay (member 4). 

The origin of underclays is disputed, and 
various geologists have argued that they repre- 
sent: (1) some kind of soil profile, formed at the 
site of deposition (Weller, 1957, p. 344-346); 
(2) transported clays from soils in the source 
area (Grim and Allen, 1938, p. 1507-1509; 
Schultz, 1958, p. 371-374); (3) diagenetic clays 
from chemical products produced by the over- 
lying coal; (4) diagenetic clays (gley) resulting 
from chemical products of temporary or per- 
manent peat accumulation above the original 
claystone (McMillan, 1956, p. 236-241). 

Most clay petrologists reject the first inter- 
pretation because (on a statistical basis at least) 
the underclay mineralogy is not that’ of a 
weathered profile. The third interpretation 
must be rejected because many underclays lack 
coal, some coals lack underclays, and there is no 


J. R. BEERBOWER—ORIGIN OF CYCLOTHEMS OF THE DUNKARD GROUP 


correlation in thickness between the two beds 

The second hypothesis, proposed by Schuly 
(1958) and by Grim and Allen (1938), ap 
parently accounts for most underclay charae. 
teristics, but it does not explain the absence of 
underclay in the dry flood plains of the southem 
Dunkard basin and its presence in marshy flood 
plains of the northern. The gley theory of 
underclay origin (McMillan, 1956) does ex 
plain this, since it restricts underclay formation 
to areas of peat formation and provides that 
such peat deposits may disappear sufficiently 
rapidly to avoid burial and the formation of 
coal. Regional petrographic comparison of 
Dunkard claystones and underclays might be 
instructive in this regard. 


Environmental Associations in the Dunkard 


The Dunkard sediments bear certain striking 
resemblance to those of the modern Mississipp, 
alluvial plain and delta, in spite of probable dif 
ferences in discharge and in the hydrographic 
character of the basin. Taken individually few 
of the cyclothem members can be definitely as 
sociated with a single environment of depos: 
tion; present evidence indicates that each repre 
sents some one of a series of environments that 
produce similar lithologic, structural, and fossil 
characteristics. If facies variations, scatteal 
variant interbeds within members, and the se 
quence of successive members are considered, 
one, or at the most two, possibilities in this er 
vironmental series become much more prob 
able, and more definite interpretations are pos 
sible. Table 2 is constructed on this basis to 
compare Dunkard and modern Mississippi ak 
luvial and delta environments. 

The most obvious dissimilarities in sedimen 
tary pattern are (1) the rarity of clay-plug de 
posits in the large Dunkard channels; (2) the 
general absence of well-bedded deposits in most 
of the Dunkard back-swamp equivalents (mem 
bers 9 and 10); (3) the absence of open shelf and, 
apparently, of prodelta slope in the Dunkard 
delta group; and (4) the absence of carbonate 
deposits in the Mississippi River environments 
The latter difference may be referred to the 
abundant supply of clastics now supplied by the 
Mississippi, since lake and pond lime muds and 
limestones are present in modern and ancient 
deposits of certain alluvial-deltaic origin. The 
absence of shelf and slope environments is te 
lated both to the shallowness of the Dunkard 
basin and to the subordination of wave action 
ina relatively small, shallow body of water. The 
lack of laminated beds in the claystone mem 
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bers (and, presumably, back-swamp deposits) 
of the Dunkard can be attributed to two re- 
lated factors: the slow rate of deposition, which 
permitted root penetration and desiccation, 
and the deposition of very fine-grained, homo- 
geneous clay in which bedding would be suscep- 
tible to destruction by roots and to disruption 
by alternate wetting and drying. The rarity of 
clay plugs presumably indicates channel stabil- 
ity during most of the channel cutting-and- 
filling phase, and consequently meander-neck 


“cutoffs were rare. This implies absence of ex- 


tensive meanders and a linear stream similar to 
the Mississippi below New Orleans or to a 
braided river like the modern Platte. 

From a different point of view, the modern 
Mississippi alluvial plain and delta represent 
only a single phase of the Dunkard cycle—the 
clastic maxima represented by members 6, 7, 
and 8. In a gross sense at least, the intermixture 
of channel, levee, and back-swamp environ- 
ments of the Mississippi alluvial plain corre- 
sponds to Dunkard member 8 and, in part, to 
member 7 except in limited areas toward the 
northern end of the basin and corresponds also 
to member 6 in the southern end of the basin. 
The intermixture of channel, levee, marsh, 
delta platform, interdistributary bay, and 
lagoon corresponds then to member 6, in part 
tomember 7, except in the southern end of the 
basin, and also to member 8 in some areas in the 
northern end. The phase of alluvial plain—delta 
development represented by the Dunkard 
clastic minimum (members | to 5 and 9 to 11) 
is not represented in the modern Mississippi 
deposits, since channel fills, natural levees, and 
bars are extremely rare as lateral variants of 
these members, and since limestones, which are 
very common lateral variants, are unknown 
from the modern delta. This difference is dis- 
cussed below under Origin of Cyclothems. 


Sedimentary Sequence in the 
Dunkard Cyclothem 


Three distinct sequences—in environment, 
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in elevation of depositional surface, and in sedi- 
ment size—occur in the generalized Dunkard 
cyclothem. The environmental sequence is 
asymmetric and consists basically of (1) peat 
swamp, (2) delta platform, (3) distributary 
channel or a natural levee-delta platform com- 
plex, (4) back swamp, (5) delta platform, and 
so forth. These, in turn, indicate a cycle of 
depositional level in which the peat swamp 
forms at or near the level of lake formation, the 
delta platform below lake level, the channel- 
natural levee—delta platform complex just be- 
low, at, or just above lake level, and the back 
swamp somewhat above lake level. Unlike the 
environmental cycle this one is symmetrical. 
The sediment grade-size cycle is also symmetri- 
cal as it passes from chemical and biochemical 
sediments to clay to silt to sand and then back 
through silt and clay to chemical and bio- 
chemical sediments. 

The three cycles can be set in parallel, as 
shown at the foot of this page. 

In any local section these sequences may be 
somewhat abbreviated, and deposits fer several 
cycles may consist almost entirely of back- 
swamp or lacustrine deposits, or one of the 
other environmental types. Although these 
same cyclothems may show complete environ- 
mental development elsewhere, locally they 
may be all lacustrine in one locality and all back 
swamp in another. These variants are as im- 
portant in interpretation of cyclothem origin 
as the complete, ideal cyclothems. 

I have implied, or at least tacitly accepted, 
the idea that a particular cyclothem was de- 
posited simultaneously throughout the basin 
and that deposition of the individual members 
was also synchronous (synchroneity of cycles 
would not require synchroneity of members). 
Field evidence indicates that the individual 
cyclothem members do not truly represent time 
horizons but are transgressive or regressive. 
The facies relationships between the lacustrine 
beds of the north and alluvial beds of the south 
support this conclusion, for the alternate south- 


Elevation of 


Environment depositional surface Sediment size 
Swamp Chemical and biochemical 
Alluvial decreasing Fine clastic 
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Taste 2. LirHotocy AND ENviRONMENTS OF DeposiTION IN DuNKARD CycLOTHEMS 
AND Mopern Mississipp1 ALLUVIAL AND Dectaric SEDIMENTS 
Mississippi River 
Member Lithology Environment of deposition equivalents 
la Coal. Thin impure Swamp where autochthonus, Delta marshes and flood- 
Northern lagoon or lake where plain swamps 
allochthonus 
2 Limestone. Dark, Marshy ponds or lagoons None 
carbonaceous; within coal swamp 
lensing to nodular. 
Fresh- to brackish- 
water fossils 
3 Shale. Black, lami- Marshy ponds or Delta marshes and flood- 
nated, carbonaceous. lagoons within or ad- plain swamps 
Fresh- or brackish-water jacent to coal swamps 
fossils 
4 Shale. Gray or greenish, Lacustrine, bottom Delta platform and inter- 
rarely red or tan, sets distributary basins 
laminated. Leaf impressions 
Sa Shale and silty shale. Deltaic (lacustrine), Delta platform and inter- 
Northern Gray to green, well- foresets distributary basins 
bedded lenses and bedded 
nodules of limestone. 
Rarely coal beds 
5b Shale, silty shale, and ?Alluvial plain Alluvial plain: back swamp, 
Southern mudstone. Well bedded natural levee, clay plug 
but mudstones massive. 
Mudstones, tan, reddish or 
greenish gray; shales, green, 
gray, or greenish gray 
6a Silty shale, siltstone, Deltaic (lacustrine) Delta platform, inter- 
Northern sandy siltstone. Well foresets and topsets distributary basin, 
bedded, gray to green. ?natural levee, and 
Lenses of impure lime- delta marsh 
stone and, rarely, of 
coal 
6b Silty shale, siltstone, ?Alluvial plain Alluvial plain: back swamp, 
Southern sandy siltstone, mud- natural levee, clay plus, and, 
stone. Well bedded to possibly, shallow channel 
massive. Gray, green, some 
mudstones red or brown 
7a Channel fills: fine to Alluvial plain or Alluvial channel or 
1. Channel —— medium sandstone. deltaic topsets delta distributary: 
phase Massive, cross-bedded. Gray, channel fill from point bars and 
brown, tan. Pebble beds. Car- channel migration 
bonized plant fragments 
7a 
2. Channel Channel fills: laminated shale Alluvial plain or deltaic Alluvial channel or delta 
phase and siltstone. Green to gray. _ topset distributary: clay-plug channel 
Plant impressions and carbon- fills 
ized fragments 
7b 
Inter-channel Sheet sands: laminated to Alluvial plain or deltaic topset Alluvial plain: back swamp and 
phase massive fine sandstones, silts, ?natural levee. Or delta: natural 
and silty shales. Gray, green, levee, interdistributary basin, 
or brown. May have local platform 
oxidized mudstones ; 
8a Siltstone and silty shale, well  Deltaic topset Delta platform: natural levee, 
Northern bedded. Green, gray, or buff interdistributary basin 
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TABLE 2. 
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Continued 








Member Lithology 


Environment of deposition 


Mississippi River 
equivalents 





8b Siltstone and mudstone. 
Southern Massive; poorly bedded; buff, 
brown, or red and yellow 
variegated 


9a Marlstone and limestone. 
Northern Massive to laminated; 
carbonaceous interbeds. 
Typically gray, locally tran- 
sitional to red limy claystone. 
Fresh-water fossils 


9b Claystone. Red variegated; 


Southern stringers and beds of lime- 
stone nodules 


10a Same as 9a 
Northern 
10b : Claystone. Gray or greenish 
Southern gray; stringers and beds of 
limestone nodules 


ll Clay. Gray, plastic 


Alluvial plain 


Pond and lakes, in part 
alluvial plain 


Alluvial plain 


Same as 9a 


Alluvial plain 


?Gley beneath peat bed 


Alluvial plain: natural levee, 
clay plug, and back swamp 


Not represented 


Alluvial plain: back swamp 


Not represented 


Alluvial plain: back swamp 


Not recognized 





ward extension of the Dunkard lakes and the 
northward extension of the alluvial plain must 
have required a relatively long period. The 
coals, which in the Illinois cyclothems seem to 
be time horizons because of the constant strati- 
graphic relation to the coal of the partings and 
because of the adjoining beds (see Weller, 1957, 
p. 347), vary so much in character and strati- 
graphic position that no constancy in time can 
be assumed. 

The nearly invariable order of members 
within the cyclothems demands that each 
cyclothem approximate a time-stratigraphic 
unit. For example, even though the deposition 
of a coal near Washington, Pennsylvania, may 
have preceded the deposition of the same coal 
75 miles to the south near St. Mary’s, West 
Virginia, the coal at St. Mary’s must be older 
than the sandstone above the coal at Washing- 
ton. Regression and transgression condense the 
lacustrine phase at St. Mary’s and the alluvial 
phase at Washington but do not disturb the 
over-all time identity of the cyclothem with its 
alternate clastic minima and maxima. 


Paleogeography and Paleoclimatology 


I described above the general Dunkard 
paleogeography as consisting of a low, and 
usually lacustrine, region at the north (or more 
precisely north-northwest) end of the present 
basin and a higher, and usually alluvial, region 


at the south (south-southeast) end. The con- 
siderable thickness of the Dunkard around the 
basin margins and the lack of any sharp litho- 
logic changes there suggest that Dunkard de- 
posits extended some distance beyond the 
present outcrop limits. The larger portion of 
Dunkard must have come from the east, south- 
east, and/or south to provide alluvial sediment 
to the south and east and lacustrine to the north 
and west (see Arkell, 1959, p. 122), but conclu- 
sions as to source await studies of Dunkard 
petrology, channel trends, and cross-bedding. 
The brackish-water fossils that occur in the 
lower Dunkard indicate that for a time at least 
the basin floor and an outlet channel lay below 
sea level. Presumably a shallow sea, consider- 
ably freshened by inflowing rivers and thus 
similar to the modern Baltic, occupied the 
basin at such times. The absence of marine or 
brackish fossils in the middle and higher 
Dunkard beds indicates either further fresh- 
ening of the water to form a very large fresh- 
water bay or elevation of the basin outlet above 
sea level and the consequent development of a 
large lake (or lakes). The cessation of marine 
invasions probably would not be complete 
unless the second event had occurred, but no 
conclusive demonstration is possible. Dunkard 
climates were sufficiently humid to permit 
formation of large fresh-water lakes and swamps 
and were warm enough for soils, either in the 
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basin or source area, to be laterized. A few 
gypsiferous clay-stones in the southern end of 
the flood plain indicate local aridity, possibly 
not more than seasonal. 

The absence of red clay in the sandstones and 
siltstones implies either laterization of the clay- 
stones after deposition or a periodic laterization 
in the source area coinciding with the period of 
claystone deposition. It seems almost unbeliev- 
able that laterites were present in the source 
area during or immediately before periods of 
sandstone deposition and that the hematite 
was reduced, apparently without exception, in 
about 40 sandstone members over an area of 
7000 square miles. The slight oxidization of 
claystones in members 6, 7, and 8 in the south 
end of the basin must have occurred synge- 
netically, but the evidence for the red clay- 
stones of member 9 is less clear. The pigment 
in reddish limestones that occur as lateral 
variants of 9, and in the reddish, laminated, 
presumably lacustrine, shales (variant of mem- 
ber 4) that overlie 9 must have been trans- 
ported. The irregular ‘“‘fading-out” of red in 
the underlying silty shales and the abundance 
of hematitic and sideritic nodules within the 
claystone suggest oxidation in place, controlled 
and modified by permeability and depth of 
ground-water circulation. Petrographic study 
of the red claystones might solve this contra- 
diction, but at present I can conclude only that 
the cyclic occurrence of red claystones in the 
Dunkard might correspond to climatic fluctua- 
tions but does not necessarily do so. 


ORIGIN OF CYCLOTHEMS 
Necessary Conditions for a Theory of Origin 
The cyclic, almost rhythmic, fluctuations in 
late Paleozoic sedimentation require explana- 
tion. Cyclic deposits are known also in rocks of 
different age—e.g., late Cretaceous, as de- 
scribed by Young (1957)—but only in Pale- 
ozoic rocks are they so widespread, so definite, 
and so numerous. The Dunkard alone includes 
about 40 cyclothems. The problem of interpre- 
tation is further complicated by the occurrence 
of bundles of cyclothems, of facies, and of local 
environmental variants within a facies. Con- 
sidering only the Dunkard, one must fit several 
thousand separate bits of information into a 
theory of cyclothem origin. The theory must 
also account for cyclothem characteristics. in 
other basins. Some of this information must be 
trivial, but the stratigrapher must choose, and 
his theory of cyclothem origin will depend in 
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part on his choice. I believe, however, that any 
theory or set of related theories for origin of 
cyclothems must account for 10 characteristics, 

ASYMMETRIC ENVIRONMENTAL CYCLE: Practi- 
cally all stratigraphers who have studied the 
late Paleozoic cyclothems agree on their asym- 
metric character—an asymmetry of environ- 
ments of deposition. Symmetry may appear in 
parts of the cycle in some areas and stratigraphic 
units—e.g., the lithologic and faunal symmetry 
of the marine limestones in Kansas—but no- 
where does one find complete symmetrical 
repetition of beds above and below any par- 
ticular member. 

SYMMETRICAL CYCLE OF SEDIMENT SIZE: Wel- 
ler (1956) and other stratigraphers have pointed 
out that symmetrical cycles exist in the cyclo- 
them. One of these is the change from organic 
(coal) and chemical (limestone) sedimentation 
through fine clastic (clay) to coarse clastic 
(sand) and back to organic and chemical. The 
thickness and rate of change, however, are only 
rarely symmetrical. 

SYMMETRICAL CYCLE IN SURFACE OF DEPOSI- 
TION: The other symmetric cycle (already 
described) involved change from terrestrial 
conditions to neritic marine or lacustrine and 
back. In higher areas, terrestrial conditions con- 
tinued throughout the cycle, but even there 
conditions apparently changed from high, well- 
drained flood plain to low, poorly drained flood 
plain. In the deeper portions of the basin the 
underclay beneath coal has been accepted as 
evidence for emergence of the depositional 
surface. If, however, these clays formed as gley 
beneath peat they do not demonstrate emer- 
gence. The coal swamps were not necessarily 
deposited above sea level or in shallower water 
than the marine beds just above the coal or 
beneath the underclay. Therefore in Kansas 
the cycle may be from slight submergence to 
moderate submergence and back. 

DEVELOPMENT OF CHANNELS: Most stratigra- 
phers have interpreted channel development 
as evidence for erosion on an emergent surface. 
A few (e.g., Stout, 1931, p. 204) have argued 
for submarine scour; others (e.g., Wanless and 
Shepard, 1936, p. 1212; D. Moore, 1959, p. 
536) have suggested that some channels were 
cut below sea level by delta distributaries. I 
have already argued for distributary origin of 
many Dunkard channels. In the Illinois basin 
the evidence is mixed. Some channel systems 
appear to have a dendritic pattern (Friedman, 
1957; Hopkins, 1958, p. 9), but others are 
anastomosing or parallel and do not appear to 
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differ significantly, in plan view, from delta 
channels (Hopkins, 1958, p. 11, Fig. 6). The 
Pleasantview channels (Rusnak, 1957, p. 43) in 
northern Illinois branch from southeast to the 
north and northwest. This pattern seems den- 
dritic, but the channels deepen from north to 
south, which appears anamalous though not 
impossible, and the cross-bedding dips up- 
channel. Rusnak suggested (p. 52) that the 
cross-bedding orientation resulted from tidal- 
current deposition upchannel. Branching and 
shallowing of the channels to the northwest is, 
however, consistent with the development of 
delta distributaries in that direction, and the 
cross-bedding would then be in the correct di- 
rection. 

The appearance in a few places of marine 
fossils in or even at the top of the channel fills 
(Potter, Nosow, Smith, Swann, and Walker, 
1958, p. 1016) is most simply explained if the 
channels were cut below sea level. The absence 
of a weathering profile on the presumed emer- 
gent surface and the presence of transitional 
sequences in interchannel areas is difficult to 
reconcile with the theory of channel cutting 
across a freshly emerged marine plain. 

Weller (1956, p. 29) argued that natural 
levees are sine qua non for distributary channels 
and that such levees are not found. Natural 
levees may be very low—2-4 feet on the Fraser 
delta (Johnston, 1921, p. 32)—or submerged 
(ends of Mississippi distributaries), have very 
gentle backslopes (Russell, 1936, p. 72-80), and 
consist of thin interbeds of sand and silt similar 
in character to the delta-platform deposits. 
Natural-levees deposits might be, or probably 
are, indistinguishable from other deltaic sedi- 
ments. I conclude that a subaerial origin for the 
“average” channel has not been proved and 
that in many cycles in many places channel 
cutting was contemporaneous with deposition 
in adjacent interdistributary bays or alluvial 
back swamps. 





SHALLOW-WATER DEPOSITION: The marine 
limestones of the cyclothems in the central 
United States are generally accepted as de- 
posited during maximum submergence of the 
basin. The absolute depth of submergence, 
however, is questionable. Elias (1937, p. 423) 
estimated from fossil associations a maximum 
depth of 180 feet for the fusuline limestones 
nd somewhat shallower depths for the other 
imestones. Tasch suggested (1957, p. 396) that 
the fusuline limestones were deposited in 5-50 
eet of water and that the marine members 
were, in general, deposited in extremely shal- 
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low water. R. C. Moore (1929) refers most of 
the lithclogic and faunal differences in the 
marine members to changes in environmental 
factors other than depth, but Wanless and 
Patterson (1952) argue that alternate shallow- 
ing and deepening were very significant. Stev- 
enson (1912, p. 503) cites evidence of local 
desiccation, brecciation, and inclusion of clastic 
grains in the very widespread Ames limestone 
that indicates shallow-water or local emergence. 
The only conclusions possible at present are 
that these marine members did represent maxi- 
mum submergence but that this submergence 
may be as little as 5 feet or as much as 180 feet. 

SYNCHRONEITY OF CYCLOTHEMS: The uni- 
formity of sequence and the widespread occur- 
rence of thin, highly distinctive beds is gener- 
ally accepted as evidence for synchronous depo- 
sition of cyclothems or cyclothem members 
through very extensive basins. Some evidence, 
such as splits in coal-beds, indicates transgres- 
sive and regressive deposition. Such splits are 
apparently characteristic of rapidly subsiding 
basins, and their existence must be reconciled 
with the existence of the widespread, uniform 
beds of the slowly subsiding basins. 

INTERCALATION OF CYCLOTHEMS: Typically 
the development of splits in coal seams results 
in the intercalcation of additional cyclothems 
in the deeper parts of basins (Wanless, 1950; 
Weller, 1956, p. 47) and in areas of very rapid 
deposition (and subsidence) such as that repre- 
sented in the southern Appalachian coal fields 
(Wanless, 1946, p. 128-129; 1950). Such inter- 
calations alse seem to occur in other cyclothemic 
members. 

OCCURRENCE INDEPENDENT OF INDIVIDUAL 
LITHOLOGIES: Some stratigraphers have sug- 
gested that certain lithologic associations—e.g., 
a thick coal and an overlying thick sandstone— 
indicate a mechanism of origin. Some of these 
associations may be valid statistically, but as 
Weller (1956, p. 26) points out none of the 
associations are invariable, and cyclic depo- 
sition is independent of any component mem- 
ber. I would add that correlation does not imply 
causation. 

OCCURRENCE INDEPENDENT OF INDIVIDUAL 
ENVIRONMENTS: The occurrence of all-marine, 
all-lacustrine, all-terrestrial, and various transi- 
tional cyclothem types indicates that no 
environment is essential to cyclothem develop- 
ment. It further indicates that any theory of 
origin must account for cyclothems in non- 
marine basins as well as marine. 

LOCAL TECTONIC CONTROLS: As described 
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above, cyclic deposition is imposed on local 
structural controls. Thus at any one locality 
successive cyclothems resemble each other 
more than their lateral variants. A scheme of 
cyclothem development must be censistent 
with this evidence of tectonic stability through 
several cycles. 

GEOGRAPHIC AND STRATIGRAPHIC OCCUR- 
RENCE: Finally the mechanism responsible for 
cyclothem development operated over a wide 
portion of the earth’s surface and during a 
particular segment of geologic time. The 
theory of origin must be consistent with this 
geographic and stratigraphic distribution of 
cyclothems. 


Theories of Local Control 
Weller has published (1956) an extensive re- 


view and critique of theories of cyclothem 
origin. Since the essential criteria listed above 
differ from his, particularly in the interpreta- 
tion of channel development and of the depth 
of limestone deposition further discussion of 
these theories is necessary. 

Several authorities have suggested that local 
fluctuations within the basin of deposition ac- 
count for cyclothem development. Robertson 
(1948) suggested a rather complex theory of 
bar formation and destruction, of natural- 
levee and swamp development, and of compac- 
tion in the following sequence: 

(1) Swamp formation in delta front lagoon 
at or below sea level; the sea kept out by a bar 

(2) Continued subsidence causes destruction 
of bar and marine flooding 

(3) Reconstruction of bar and consequent 
freshening of lagoon. During the latter part of 
time (2) and all of time (3) the absence of coal 
swamps permits transportation of clastics over 
the natural levees (or through them in cre- 
vasses) 

(4) Depositional surface built up to water 
level, and coal swamps reformed 

(5) Swamps prevent ingress of clastics as 
lagoon floor subsides (by compaction as well as 
basin subsidence) 

Robertson’s theory fails to account for the 
synchroneity of cyclothems throughout a large 
depositional basin and for the occurrence of 
alluvial-plain cyclothems upstream from the 
delta. This mechanism cannot be related to the 


4Although some cyclothemic rock sequences occur 
in the post-Paleozoic, they are never so widespread, and 
few are so distinctive as the Permo-Carboniferous se- 
quences. 
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wide geographic and narrow stratigraphic disty. 
bution of cyclothems, unless other assumption 
are introduced; but silting up of the basin with 
development of bars (Rich, 1916, p. 131-13§: 
Bass, 1936, p. 92-104), natural levees, and; 
very shallow delta platform could have reduced 
ingress of marine waters and accelerated th 
change from marine to brackish and fresh-wate; 
environments. 

Van der Heide (1950) offered a theory @ 
cyclothem formation based on differential com. 
paction of peat deposits coupled with vegetg 
tional restriction of clastic deposition. In his 
concept peat accumulated in marshes adjacent 
to distributary channels at the same time tha 
sand and silt were deposited at the channel 
mouths. The surface of the clastic deposi 
would subside less during compaction tha 
that of the peat and, therefore, the distributary 
channels would shift. In general this happenj 
now on the Mississippi delta where subsideng 
exceeds deposition outside the current delt 
area, deposition exceeds subsidence within it 
limits, and the active delta shifts. 

Van der Heide’s theory fails to explain basin: 
wide synchroneity, the occurrence of cyek 
thems without coals in wide areas, and the wid 
geographic but restricted stratigraphic distr 
buticn of cyclothems. Nor would delta switeh 
ing necessarily permit repeated development 
an asymmetric environmental cycle. As in th 
case of Robertson’s theory, differential com 
paction, both of the peat and other sediment 
must have been a factor in controlling the load 
environments of deposition. 

D. Moore (1959) developed a broader theon 
of delta switching. He suggests that continued 
subsidence coupled with differential deposition 
induced topographic highs (deltas) and lor 
(interdelta basins). The deltas would receiv 
clastic sediment (sand, mud, and clay) at th 
same time that the interdelta basins receives 
only very fine clastics (clay) and/or precip 
tates. Ultimately, the river would develop 
major upstream crevasse leading into the le 
interdelta basin. A new delta would develop 
delta-platform, natural-levee, interdistributary 
basin, and channel deposits advanced progrt 
sively seaward into the topographic low. Cor 
currently, subsidence of the old delta wou 
induce swamp formation and ultimately mari 
transgression. 

Such a process must have operated if t 
cyclothems represent deltaic deposits. How 
ever, the cyclothem members in the Eastet 
Interior Basin cannot be associated with 
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single delta. The wide lateral uniformity of 
some cyclothem members (particularly the 
coals) is hardly consonant with the switching of 
several discrete delta complexes. The existence 
of all-alluvial cycles also seems difficult to ex- 
plain by delta switching, as does the sequence 
of different limestone and shale types in the 
marine phase. The development of cyclothems 
across facies boundaries—e.g., alluvial, deltaic, 
and lacustrine—appears incompatible with this 
theory, since the cyclic fluctuations should 
create the facies, not be imposed upon them. 


Theories of Regional Control 


The theories of local control fail generally 
to meet the requirements of synchroneity and 
of independence of particular environments 
and lithologies. For this reason, most Pennsyl- 
vanian stratigraphers have sought explanations 
for cyclothem development that involve whole 
basins or even groups of basins. 

As the theories of local origin demand 
primary sedimentary control, those of regional 
origin require primary tectonic control. 

Stout (1931, p. 203-205) argued that cyclo- 
themic deposition was the consequence of 
intermittent though progressive subsidence and 
postulated the following sequence: 

(1) Very slow subsidence—coal swamp 
formed 

(2) Rapid subsidence—deposition of marine 
(or fresh-water) limestone in shallow transgres- 
sive sea 

(3) Decrease in rate of subsidence—maxi- 
mum basin depth attained and shale and sand- 
stone deposited concurrently in sea or lake 

(4) Very slow subsidence—depositional sur- 
face built up to or above sea or lake level with 
deposition first of limestone and then of clay- 
stone 

Stout rejects the idea that the sandstones 
represent periods of regional erosion and states 
that they are simply local phases of the shale 
unit. He thus explains the relation of channels 
and interchannel deposits, but he does not pro- 
vide a mechanism for channeling (local scour 
in his term) in a relatively deep-water environ- 
ment. Nor does he explain why transgression 
induces deposition of coarser clastics so that the 
cycles of transport competency and of level of 
depositional surface are out of phase. 

The theory of intermittent subsidence can 
be modified, however, to fit better present 
understanding of sedimentary environments: 

(1) Slow subsidence; depositional surface 
graded; clastic deposition further restricted by 
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development of coal swamps; channel—back 
swamp environments on upper alluvial plain 

(2) Rapid subsidence and_ transgression; 
depositional surface aggrades with alluvial 
sandstone and claystone deposited in the up- 
land alluvial plains, shale around basin margins, 
and limestones in basin interior 

(3) Slow subsidence and consequent slow 
regression by sedimentary aggradation; deltas 
advance into interior of basin with succession 
of delta-platform shales and siltstones followed 
by the distributary-channel, natural-levee, 
interdistributary-trough complex 

(4) Very slow subsidence and completion of 
aggradation with development of back-swamp 
claystones and alluvial-plain lakes in which 
marls and limestones form; sand deposition 
again limited to basin margins 

(5) Slow subsidence of surface coupled with 
establishment of coal swamps 

Although this explanation ‘‘fits’’ the data for 
any single cyclothem in any one basin, it leaves 
several difficult problems. If coal swamps form 
after the development of the alluvial plain, one 
would expect that they would form just before 
its development at a similar level of the depo- 
sition surface or, conversely, that the delta- 
plain deposits would succeed the alluvial plain 
in the way that they precede it. 

Some slight difference in rate of submergence 
might suffice, but that raises a second question. 
In order to produce several similar asymmetric 
cyclothems such as one finds in cyclothemic 
bundles, the rate and amount of submergence 
must be precisely repeated several times. The 
basin as a whole must be submerged without 
altering the tectonic elements within it as 
defined by persistent facies relationships. Such 
a pattern of intermittent submergence can 
hardly be coincidental and demands a further 
explanation in terms of tectonic mechanism, a 
mechanism that must account for the world- 
wide occurrence of cyclothems in Carbonifer- 
ous and lower Permian rocks. Finally, the 
intercalcation of extra cyclothems demands 
extra cycles of subsidence in some parts of the 
basin. 

Hudson’s suggestion (1924) that intermittent 
uplift in the source areas caused cyclothem for- 
mation can account for this intercalcation as 
well as some other difficulties encountered by 
the intermittent subsidence theory. Hudson 
(and Rutten, 1952) proposed that the alterna- 
tion in the upland areas of periods of uplift and 
erosion with periods of stability and peneplana- 
tion would produce cyclic fluctuations in sedi- 
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ment delivered to the subsiding basin. Minor 
disturbances within the basin might elevate its 
floor and produce coal-swamip development. 
Weller (1930, p. 120; 1956, p. 20) and Wanless 
(1950, p. 27) object that these cycles did not 
last long enough to permit peneplanation. If 
one substitutes the term ‘“‘decline in gradient” 
for ‘‘peneplanation” that objection is over- 
come, because major streams and their valley 
slopes have made major changes in gradient 
(and in competence and load) within the 
10,000 years of post-Wisconsin time. The coal 
swamp cannot, of course, be regarded as the 
time of maximum elevation of the basin floor, 
and it seems unnecessary to postulate uplifts 
within the basin to account for the typical 
cyclothemic sequence. The cycle presumably 
would work out like this: 

(1) Rapid uplift in source areas; increased 
stream competence and erosion 

(2) Streams build deltas into slowly subsid- 
ing basin to form the typical delta platform- 
delta plain-alluvial plain sequence. 

(3) Streams approach grade in temporarily 
stable upland; competence and load decrease. 

(4) Decrease in clastic load as indicated by 
claystone deposits with lacustrine limestone 
interbeds; ultimately near cessation of depo- 
sition 

(5) Slow submergence of basin brings suc- 
cession of coal-swamp and marine (or lacus- 
trine) deposits. 

‘6) Rapid uplift in source areas initiates new 
cycle. 

Minor uplifts would be reflected by deposi- 
tion only in the rapidly subsiding portions of 
the basin, whereas the stable areas would reflect 
only major uplifts. The asymmetric environ- 
mental cycle would follow logically from the 
interplay of a unidirectional component (sub- 
mergence) and a cyclic component (stream 
competence and load). The tectonic develop- 
ment within the basin would be largely inde- 
pendent of the cyclic mechanism, rather than 
closely related to it. 

This theory also fails to consider the need for 
a tectonic mechanism. It adds one difficulty: 
each basin must be limited to a single dominant 
source area, or else distinct source areas (and 
structural units) must be in orogenic phase. A 
means must still be provided for the world-wide 
distribution of cyclothems. 

Weller (1930; 1931; 1956) offered, refined, 
and defended a theory of diastrophic control. 
He suggests that both basin and source area 


underwent alternate synchronized uplift and 
subsidence as follows: 

(1) Uplift in basin and source area: depos- 
tion of silt on rising, shallow basin floors, and 
deposition of sand around basin margins; ero 
sion in source area 

(2) Maximum uplift attained; local erosion 
in basin and deep erosion in source area 

(3) Subsidence begins; continued erosion at 
source; deposition of sands in basin 

(4) Subsidence continues with consequent 
decrease of erosion in source area and with 
deposition of finer clastics in basin 

(5) Subsidence continues; erosion and clastic 
deposition very slow; surface of deposition, 
brought below water level, develops swamps 
and, subsequently, peat deposits 

(6) Maximum subsidence; minimum erosion 
in source area and very fine clastic and lime 
stone deposition in submerged basin 

(7) Onset of uplift in basin (shallow-water 
shales and silts) and in source area (erosion in- 
creases) 

This theory presumes precise repetition of 
submergence and uplift in successive cycles and 
either a limitation to single source—single basin 
relations or an unknown diastrophic mechanism 
which has continent or world-wide effects 
These are a priori objections but must stand a 
long as other theories satisfy the phenomena 
equally. Weller evolved this relatively compli 
cated theory of uplift-subsidence coupling from 
two considerations: (1) he believes that most of 
the channels were cut by rivers whose thalweg 
was above sea level and that they were not 
accompanied by concurrent overbank deposi 
tion; (2) he believes that the marine limestones 
of the Illinois-Pennsylvanian section were de 
posited in water deeper than the uncompacted 
thickness of sediment deposited between the 
limestone and succeeding coal. If he is correct, 
filling of a basin by sediment cannot explain 
the evidence of emergence. Only uplift of the 
basin or eustatic fall in sea level would suffice. 

Within the Dunkard group, erosion was 
limited to local unconformities at the base of 
channels; elsewhere the sequences are trans 
tional with no evidence of erosion, of an inter 
ruption in sedimentation, or of a weathered 
profile to indicate emergence. A similar condi 
tion apparently exists in Illinois (Hopkins 
1958, p. 38). Interpretation of depth of sub 
mergence depends almost entirely on one’s 4 
priori conclusions. If as Weller argues (1956, p. 
31-34) so persuasively, the thin, uniform wide 
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spread coals were deposited at water level 
almost simultaneously throughout the Eastern 
Interior Basin, one might believe that marine 
limestones could be deposited in the same way 
in as little as 10-15 feet of water. The depths 
(180 feet maximum) suggested by Elias (1937, 
p. 423) for marine-limestone deposition in the 
Kansas cyclothems are only orders of magni- 
tude, and they might well be much less. 

This theory of diastrophic control, could be 
modified to account for the existence of transi- 
tional sequences outside the channels by reduc- 
ing the amount of uplift, so that channel floors 
lay below sea level, or at least so that overbank 
aggradation would be possible. The sporadic 
occurrence of marine fossils in some of the 
channel fills and transitional sandstones would 
accord with this modification. If, however, the 
limestones were deposited in shallow water, 
then any advantage of the diastrophic theory 
over the modified intermittent uplift or inter- 
mittent subsidence theories disappears. 


Theories of World-Wide Origin 


The extremely wide geographic distribution 
of Carboniferous and early Permian cyclothems 
suggests that causal factors should be world- 
wide in extent. Some sort of diastrophic mecha- 
nism might be possible; Weller (1956, p. 44-46) 
postulated a mechanism involving cyclic ex- 
pansion and contraction of a subcrustal layer. 
It is easier, however, to visualize world-wide 
eustatic and/or climatic controls similar to 
those currently in action. 

Wanless and Shepard (1936) published a 
eustatic-control theory in which they at- 
tempted to relate cyclothems to the known 
late Paleozoic glaciation. They postulate con- 
tinuous subsidence in the depositional basins 
coupled with fluctuations in sea level caused by 
growth and disappearance of continental gla- 
ciers in the southern hemisphere. Concurrent 
climatic fluctuations in the source areas would 
induce cyclic deposition in the alluvial plains 
around the basin margins. The essential step; in 
cyclothemic development would be: 

(1) Glacial stage; lowering of sea level; cli- 
matic changes induce upland erosion by de- 
creasing plant cover; deposition of sand on 
basin margins and cutting of channels across 
emergent delta plain 

(2) Sand apron built forward to fill channels 
and cover delta plain 
_ (3) Climatic amelioration reduces erosion and 
induces deposition of finer clastics. 


(4) Formation of underclays as loess and by 
weathering 

(5) Increased precipitation and higher tem- 
peratures favor development of coal swamps. 

(6) Glacial melting produces transgression; 
uplands heavily vegetated; erosion slow because 
of cover and therefore deposits limited to mud 
(commonly high in organic material) 

(7) Interglacial stage with maximum trans- 
gression and deposition of limestones 

(8) Initiation of glacial stage with marine re- 
gression. Erosion still slow, but mud again 
carried out into basin 

Weller (1937; 1956, p. 21-22) criticized a 
number of points in this eustatic theory. His a 
priori objections are the lack of direct evidence 
for (1) glaciation during the whole late Missis- 
sippian—early Permian period of cyclothem 
formation; (2) as many glacial stages as the 
number of cyclothems indicates; Wanless (Per- 
sonal communication), after a study of the 
Australian glacial section, believes that suf- 
ficient glacial stages can be shown; and (3) the 
upland vegetation necessary to control source- 
area erosion. He argues that the decrease in 
grain size above the sandstone in each cycle 
demands a decrease in stream competence and 
consequent decrease in slope (or in stream run- 
off). Since eustatic changes would not affect 
the slope, and increased precipitation is postu- 
lated for this time, the theory is inadequate to 
explain the waning phase of stream competence. 

The eustatic theory of Wanless and Shepard 
can probably be modified to meet this latter 
objection, but, as it stands, it fails to account 
for transitional sequences adjacent to the chan- 
nels, and for the absence of interfluve erosion 
and weathering concurrent with channel cut- 
ting. 

Moreover, Pleistocene glacial stages are 
associated with increased precipitation and 
vegetational cover in many areas, and Pleisto- 
cene interglacial stages with aridity, reduced 
vegetational cover, and erosion. In the Wis- 
consin—post Wisconsin history of the Mississippi 
River, interfluve erosion and weathering are 
prominent outside the channels. One must also 
wonder where the sands (and possibly gravel) 
that went down the streams during channel 
cutting were deposited, for this material 
certainly included grade sizes as coarse as those 
that ultimately filled the channels. In the 
Dunkard, at least, the thin lacustrine silts and 
sands that were contemporaneous with channel 
cutting are finer than the channel sands. 
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The cycles in a nonmarine basin like the 
Dunkard must have been controlled almost 
entirely by climatic fluctuations. If climatic 
fluctuations alone can account for these phe- 
nomena in one basin, there seems no necessity 
for eustatic changes in other basins, unless the 
marine limestones indicate considerable sub- 
mergence. A revision of the Wanless-Shepard 
theory in the light of modern sedimentologic 
and stratigraphic interpretations is desirable. 

Some eustatic fluctuations in sea level must 
have occurred during at least part of this time. 
These would produce cyclic deposits, though 
perhaps different from the ‘‘typical’”’ cyclo- 
them. Features like the megacyclothems of the 
Kansas section might result from long-term 
eustatic changes imposed on (or even co- 
ordinated with) short-term cyclothems. 

Wheeler and Murray (1957) offered an ex- 
tension of the eustatic theory requiring two 
regressions and two transgressions for each 
cyclothem: 

(1) Major eustatic regression; regional ero- 
sion (but no weathering) throughout basin 

(2) Moderate eustatic transgression; deposi- 
tion of marine sediments in deeper parts of 
basins, and fluvial deposition in higher parts 

(3) Moderate eustatic regression; weathering 
(but no erosion) throughout basin with forma- 
tion of underclays; coal swamps develop as 
basin continues slow tectonic subsidence 

(4) Major eustatic transgressicn; progressive 
advance of sea with deposition of limestone and 
shale 

The same a priori objections apply to this 
theory as to the original Wanless-Shepard 
theory. Transgression (2) explains the decrease 
in grain size above the sandstone, which Weller 
felt was not explained in the original theory, 
and explains also the occurrence of marine beds 
just below the coal in the mid-continent basins. 
It fails to explain (1) the transitional sequences, 
(2) the absence of a coarse-sand delta platform 
corresponding to the major regression, and (3) 
the existence of cycles in nonmarine basins. It 
is not clear why weathering (assuming that the 
underclays are soils) occurs during the moderate 
regression (3) and not during major regression 
(1) and why part of the fluvial sediments 
deposited during transgression (2) are not re- 
moved during the following moderate regres- 
sion (3) when the sea withdraws ‘‘again to low- 
est position”; when sea level stood at this same 
‘lowest position” during major regression (1) 
the 20-30 feet of marine sediment deposited 
earlier were deeply channeled (but not weath- 


ered). Again, these specific criticisms might be 
met by adjustment or refinement of the theory 
but only by introducing new complications, 


Theory of Climatic Control 


In their eustatic-glacial control hypothesis 
Wanless and Shepard (1936, p. 1200) rely m 
climatic fluctuations in the source area and, 
possibly, in the basin to explain many cyclo 
themic characteristics. Brough (1928) sug 
gested that climatic cycles could have induced 
cyclothem development but did not develop 
his suggestion in detail. Even though glaciation 
is the only direct evidence of such fluctuations 
the theory has the advantage of simplicity; it 
also avoids the explanation of all Paleozoic 
stratigraphic characteristics by a single mecha 
nism, since it permits concurrent diastrophic 
and eustatic action; and it agrees with Pleisto 
cene fluctuations in climate, erosion, and sedi- 
mentation. 

Since stratigraphers know little of late 
Paleozoic vegetation outside of lowland valley 
and deltas, it is impossible to determine what 
kind of climatic change would produce upland 
erosion or aggradation. If upland vegetation 
was scanty, increased rainfall would increas 
flood discharges and erosion; if upland vegeta 
tion was abundant, increased rainfall might 
result in denser vegetational cover and de 
creased flood discharges. Temperature changes 
might be coupled in different ways with 
precipitation changes, and the effects on flood 
discharge, vegetation, and weathering would 
be complicated. Climatic fluctuations did influ 
ence Pleistocene stratigraphy (Quinn, 1957, p. 
158-161; Garner, 1959, p. 1345-1346); the 
nature of the fluctuations in the Pennsylvanian 
is not known, but that does not justify rejection 
of their existence or effects. 

I suggest that some type of climatic fluctux 
tions were responsible for upper Paleozoic 
cyclothems (Table 3). The theory has the 
following advantages over those described 
earlier: 

(1) Channel cutting and overbank deposition 
can be concurrent, since channeling is a result 
of a change in discharge and thus of channel 
characteristics in an aggrading alluvial plain o 
delta. The Mississippi now maintains deep 
channels on the alluvial plain and cuts dis 
tributary channels across the delta platform. 

(2) Channel floors can exist below sea level 
with concurrent deposition of marine sands ant 
silts at the mouth and to the sides of the char 
nels. Marine deposits fill the channels in a fer 
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places. The thalweg of the Mississippi is below 
sea level at Vicksburg, more than 200 miles 
air-line distance from the seaward edge of the 
delta. 

(3) More of the cyclic variations in sedimen- 
tation are preserved where deposition is nearly 
continuous—i.e., in the rapidly subsiding geo- 
synclinal borders alike those in Kentucky or in 
the predominantly marine basins like those in 
Kansas. The more stable, more emergent basins 
will have many cycles aborted because of non- 
deposition or because of failure to develop more 
than back-swamp environments. 

(4) Channel filling is essentially contempo- 
raneous with channel cutting, as it is in modern 
aggrading streams like the Mississippi. Conse- 
quently, maximum clastic grain sizes are re- 
tained in the channels, not swept onto the delta 
platform. 

(5) During transgression the flood of clastic 
material will, typically, blot out any organic or 
chemical depositional phases. In consequence 
the cyclothem would be asymmetric without 
the necessity for asymmetric cyclical mecha- 
nism. 

(6) Local tectonic controls are undisturbed. 

(7) Sedimentary cycles will be synchronous, 
though not necessarily in phase, throughout a 
wide—even world-wide—area. They may be 
damped out by local diastrophism or by 
distance from clastic sources in the marine 
basins. 

Large-scale diastrophic events are responsible 
for some features of Permo-Carboniferous 
stratigraphy, such as the extensive erosion sur- 
face below the basal Pennsylvanian rocks of 
central and eastern North America. Eustatic 
fluctuations in sea level due to glaciation are 
equally certain, although no one knows which 
stratigraphic features resulted from these fluc- 
tuations. But as a qualitative model to explain 
cyclothem development, a theory of climatic 
cycles seems sufficient. 

Is it sufficient quantitatively? Or can it ac- 
count for the unique development of this 
particular type of sedimentary cycle in geology? 
Can climatically rejuvenated streams cut chan- 
nels 200 feet deep? Could the marine limestones 
have been deposited in such shallow water that 
the addition of a few feet more of sediment 
would permit invasion of swamp vegetation? 
The very deep channels are rare and might 
mark local or regional diastrophic events or the 
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eustatic lowering of sea level during majo 
glaciations. The occurrence of coals on or a fey 





feet above marine limestones might record Arkel 
similar events. If the marine limestones tha P 
occur in cycle after cycle were deposited ig % 
relatively deep water, then uplift or eustatgi 325s! 
regression become sine qua non. . 
For the Dunkard, this theory seems sufficienf Bers! 
quantitatively, for neither the depth of chap. Ir 
neling nor the probable depth of submergeng Brous 
is more than that resulting from Pleistocene. 
climatic fluctuations. Some cyclic deposits have ©*S% 
been recognized from ‘‘pre-glacial’’ Cenozoic G 
rocks, but neither their character nor thei v 
causes are well-known. If the Dunkard basin 
had no constant outlet to the ocean, fluctu: _— 
tions in lake level because of climatic fluctug Dall 
tions might complicate the sedimentary . 


quence. One would expect some evidence of 
saline lake deposits during the dry climatic A 
phase. Since no such deposits are known, 


fluctuations in lake level due to precipitation es 
or evaporation were probably minor. Fisk, E 

Only the theories of glaciation-eustatic fluc to 
tuation explain the localization of this type olf pice] 
cyclothem within the late Paleozoic. Reason- 07 
able suggestions can be made, however, with Fisk, I 
respect to the climatic-control theory: () 
Climatic cycles may have been more prol priedm 
nounced during this period of cooling-glacia- set 
tion-warming than during the more typiclll Garner 
warm periods. The late Cenozoic record sug re; 


gests something of this sort—possibly 3 
threshold in the drift from typical monsoon Ar 
climates to cold-period frontal climates. (2) 
The character of the vegetation may have Ge 
influenced the effects of climatic cycles. The 
development of a particular type of forest in 
Mississippian time and its disappearance ip 






















Permian are consistent with paleobotanicd 15: 
evidence if not demonstrated by it. Al; 

As tests of this climatic theory, I proposi Johnsto 
further observation of channel-interchannedl Martin 
relationships, examination of the sedimentary ia 
sequence for direct evidence of climatic change, Mcmill 
research on cyclothem occurrence in glaciated Ka 
regions (recently undertaken by Wanles)§ Moore, 
consideration of nonbathymetric interprets Ge 
tions of the lithologic and faunal variation bef Moore, 
tween the marine members, and addition is 
study of the cyclic deposits in late Cenozoit™] — 19 


deltas and alluvial plains. Lor 
Picard, | 
Uin 
Potter, ] 
and 
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Submarine Topography of 
The Western Straits of Florida 


Abstract: Recently completed hydrographic sur- 
veys by the Coast and Geodetic Survey cover an 
area of about 7000 square nautical miles south of 
the outer Florida Keys. Details of the topography 
of the continental slope that do not appear on pub- 
lished nautical charts are given. The principal 
features are (1) a swarm of valleys incising the slope 
south of Dry Tortugas, (2) an elongate terrace 
terminating to the west in an area of undulating 
bottom, and (3) two prominent escarpments and 


several minor slope breaks. 

The valleys are believed to be related to two 
separate periods of valley formation. Straight 
downslope trends and leveed sides suggest turbidity- 
current action in at least some of the valleys. The 
escarpments are interpreted as having a fault origin, 
and the area of undulating bottom is believed to be 
a set of step faults related to the larger Pourtales 
Escarpment. 
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INTRODUCTION 


Exploration of the area off the Florida Keys 
by Louis Agassiz was initiated by the Coast and 
Geodetic Survey in 1850, and the first sounding 
profiles across the Straits of Florida were made 
in 1855. It was not until 1866 that systematic 
reconnaissance surveys were begun by Coast 
and Geodetic Survey assistants Louis Pourtales 
and Henry Mitchell. These surveys showed the 
area to be clear of offshore dangers to naviga- 
tion, and more comprehensive surveys were not 
urgently needed. With the development of con- 
tinuously recording echo-sounding equipment 
and the extension of modern hydrographic sur- 
veys into the region of the Straits of Florida, 
detailed information on the submarine to- 
pography has become available. 


This report describes and discusses an area of 
about 7000 square miles south of the Florida 
Keys surveyed by the ship HyprocRaPHER as 
part of the regular charting activities of the 
Coast and Geodetic Survey (Fig. 1). Sounding 
lines were Shoran controlled out to about 50 
miles, and the Electronic Position Indicator 
(Burmister, 1948) furnished the control at 
greater distances from shore. Depths were ob- 
tained by continuously recording echo sound- 
ers. Along-slope sounding profiles were made 
at intervals of 44 mile to | mile depending on 
the depth; transverse lines were spaced at 5- 
mile intervals. The bathymetry in Figure | is 
based on more than 10,000 nautical miles of 
sounding lines. 

The surveys cover a strip 60 miles wide ex- 
tending offshore from Sombrero Key west to 
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Figure 1. Bathymetric chart of the western Straits of Florida 











INTRODUCTION 


long. 83°18’ W. The western half of the area is 
dominated by a swarm of valleys south of Dry 
Tortugas. The valley heads are in depths of 
slightly more than 300 fathoms and are trace- 
able to the southern limit of the surveys in 
depths greater than 900 fathoms. At these 
greater depths the valleys converge to form two 
major valleys that indent the lower slope. The 
eastern half of the area shows a broad gently 
sloping terrace at an average depth of about 
125 fathoms. Its width at the eastern edge of 
the area is about 15 nautical miles, and it nar- 
rows to the west, terminating in a small area of 
undulating topography at long. 82°20’ W. The 


§ seaward edge of the terrace is marked by an 
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Figure 2. Profile H, showing a transverse profile 
across Pourtales and Mitchell escaspments 


abrupt 1000-foot escarpment that terminates 
at 300 fathoms. From the base of this feature, 
the bottom slopes steadily seaward at about 150 
feet per nautical mile into general depths of 
about 800 fathoms. However, in the middle of 
the area shown in Figure 1, this slope termi- 
nates at 700 fathoms at the top of a second 
steep escarpment about 15 nautical miles long 
and 600 feet high. 


VALLEYS 


For more than 30 nautical miles the 400- 
fathom contour south of Dry Tortugas is in- 
dented by 15 small valleys (Fig. 1). These 
valleys are not detected in depths shoaler than 
300 fathoms, and downslope they converge into 
two principal systems. The larger of these 
systems is tentatively called Tortugas Valley 
because of its proximity and possible genetic 
relation to the passage east of Dry Tortugas. 
The smaller valley system is here tentatively 
named Agassiz Valleys after Louis Agassiz, who 
did much of the original work on the Florida 
reefs, and his son Alexander Agassiz who subse- 
quently explored this area for the Coast and 
Geodetic Survey. 

The major arm of the Tortugas Valley heads 
in 500 fathoms where several minor valleys 
converge. To the east a prominent tributary 
tuns a straight course for 30 nautical miles be- 
fore entering the floor of the main valley at 
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800 fathoms. Tortugas Valley is traceable to 
975 fathoms, the limit of the present surveys. 
In places the valley floor is about 1000 feet 
deeper than depths along the rim, and it 
descends on an average gradient of 78 feet per 
mile. Two fathograms across the main channel 
are reproduced as profiles A and D in Plate | 
and are indexed in Figure 1. Profile A near the 
head of the valley shows a very flat floor 1 mile 
wide and about 500 feet deep. Farther down- 
slope (PI. 1, profile D) the main valley narrows 
and appears to be V-shaped and about 500 feet 
deep. However, this latter profile is distorted 
because reflections from the channel walls 
obscure echoes that might have been reflected 
from the channel floor. The elongate rise along 
the western side of part of the easterly tributary 
is delineated by the closed contour at 500 
fathoms. Most profiles show the western bank 
to be slightly higher than the eastern bank. 

To the east, the Agassiz Valleys have two 
main valleys which are parallel for two-thirds 
of their length. Unlike Tortugas Valley, the 
several minor valleys do not form a dendritic 
pattern but are nearly straight and parallel 
until they converge with the two main valleys 
at about 800 fathoms. They are comparatively 
narrow valleys; the two main ones have a com- 
bined width of only 1.5-3 nautical miles about 
halfway along their course. At profile C the 
westerly valley is nearly 1.5 nautical miles wide, 
the easterly one less than a mile wide. The 
valley floors are generally flat, but the westerly 
valley in profile C shows a 7-fathom channel 
incising the flat valley floor. However, deeper 
bottom reflections are shown on each side of 
the channel axis. These reflections are from 
opposite sides of the channel and are best 
described by referring to the sketch in Figure 
3 in which the profile is constructed at natural 
scale. 

The vertical scale on fathograms is exag- 
gerated as shown in Plates 1, 2, and 3. The 
exaggeration varies with different echo sound- 
ers and is also dependent on the speed of the 
survey ship. Inasmuch as the sound signal does 
not follow a straight line and the beam width is 
a function of the sound frequency and dimen- 
sions of the transducer, consideration must be 
given to bottom reflections beyond a point 
directly under the ship. The transducer used 
on these surveys transmitted a sound impulse 
which fanned out to an approximate 35-degree 
cone. By drawing arcs at recorded depths, 
including the deeper ones at both sides of the 
channel, a nearly true profile of the valley floor 
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and channel is evolved (Fig. 3). The channel is 
found to be 0.2 nautical mile.wide and about 
180 feet deep. This depth is conjectural, for 
even with the graphic solution the true con- 
figuration of the channel is clouded by over- 
lapping of the recorded echoes and possible 
distortion caused by pitching and rolling of the 


ship. 
TERRACE 


The prominent terrace at an average depth 
of 125 fathoms in the eastern part of the survey 


NAUTICAL MILES 
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no farther westward. At the point where the 
escarpment terminates, the bottom has an 
undulating appearance unlike any other section 
of the area studied. Figure 4 shows this undu- 
lating bottom in detail and indexes the four 
fathogram profiles shown in Plate 3. The long 
axes of the ridgelike undulations trend north- 
northwest at right angles to the slope and are 
markedly asymmetrical; the steeper side of each 
is toward the east and about half as long as the 
more gentle western slopes (Pl. 3, profiles ], 
J, K). These asymmetrical ridges have heights 





- wa 6 


| 
| 


ami 


yoo | / 


E 
i? 


FATHOMS 
= 


































































































Figure 3. Westerly valley (Agassiz Valleys), profile C at natural scale, con- 
structed to show spanning effect of sound beam and obscure channel 


area was named the Pourtales Plateau by 
Alexander Agassiz (1888). However, the term 
‘‘plateau,”’ as used for ocean areas, is more 
generally applied to a detached rise and not to 
a bench or terrace. Although Ginsburg (1956) 
and possibly others have used the term pro- 
posed by Agassiz, the writers believe that it is 
not sufficiently fixed in the literature, and 
therefore the feature is here called the Pour- 
tales Terrace. 

This terrace has a generally irregular surface 
sloping seaward at an average of about 25 feet 
per nautical mile. The surface is marked by 
numerous closed depressions and isolated low 
rises. Jordan (1954) has described the terrace 
and its deep marginal sink holes. 

Recent westward extension of the previous 
surveys of Pourtales Terrace show that this 
feature narrows toward the west and loses all 
identity as a separate feature at about long. 
82°20’ W. At this point (Fig. 1) the prominent 
escarpment that marks the seaward limit of the 
terrace merges with the slope and can be traced 


of 50-90 feet from trough to crest and gradients 
greater than 500 feet in a nautical mile. In pro 
file K the crest of each individual ridge rises 
higher than the undisturbed bottom at either 
side of the disturbed area. The regularity of 
occurrence of these ridges is especially notice 
able in profiles J and K (PI. 3); the crests occur 
regularly at intervals of 3000-3600 feet. Ina 
downslope direction, parallel to the ridges, the 
bottom shows no such irregularities. A dows 
slope profile (Pl. 3, profile L) shows only one 
break, and that occurs at about 180 fathoms, 
where the bottom of one of the troughs was 
crossed on an oblique downslope course. 


ESCARPMENTS 


The prominent escarpment that forms the 
seaward boundary of the Pourtales Terrace is 
here named the Pourtales Escarpment. This 
feature trends eastward for at least the 70 
nautical miles to the eastern limit of the surveys 
at long. 81°05’ W. and rises 900 feet; two-thirds 


of this rise occurs in half a mile. Jordan (1954) § 
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describes the escarpment and presents a bathy- 
metric chart of this feature that is more de- 
tailed than Figure | of this paper. 

Recent extension of surveys to the south by 
the Coast and Geodetic Survey shows that a 
second but less extensive escarpment exists 
between 700 and 800 fathoms (Fig. 1). This 
feature is here named Mitchell Escarpment 
after Henry Mitchell of the Coast Survey who 
was in charge of the first systematic hydro- 
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Along the base is a narrow depression 50 feet 
deep. In profile F the same features are found 
at 290 fathoms, but below this profile the 
escarpment becomes obscured as it trends into 
the heads of the system of valleys. Profile G 
shows a small depression at 290-305 fathoms 
marking a change in slope from 135 feet per 
nautical mile above to 80 feet per nautical mile 
below the slope break. 

No sharp break in slope is identifiable east of 


WEST END OF POURTALES. ESCARPMENT 
6 1 
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Figure 4. Area of undulating bottom outlined in Figure | 


graphic survey across the straits in 1866. This 
feature is 18 nautical miles long and rises more 
than 700 feet with a maximum average slope of 
about 20°. Profile H (Figs. 1, 2) shows a down- 
slope profile across the Pourtales Terrace, 
Pourtales Escarpment, Mitchell Escarpment, 
and the elongate rise found seaward of this 
latter feature. 

Additional escarpments on a much smaller 
scale occur along the slope above the heads of 
the Tortugas Valley and Agassiz Valleys. These 
are shown on the three fathograms illustrated 
in Plate 2 and indexed as E, F, and G in Figure 
. Profile E shows a 180-foot escarpment with 
a slope of 17° in depths of 230-260 fathoms. 
Above the escarpment the bottom slopes at a 
gradient of 190 feet per nautical mile to a 
depth of 200 fathoms, where the gradient in- 
creases abruptly to 600 feet per nautical mile 
to the top of the escarpment at 230 fathoms. 


these profiles, but a narrow belt of concave 
bottom aligned with the sharp break in profile 
G can be traced eastward for about 15 nautical 
miles in depths of 225-250 fathoms. 

In the area west of the Tortugas Valley, four 
prominent breaks in slope occur in depths 
between 400 and 600 fathoms. Where these 
minor escarpments meet the valley they are 
steep, but to the west their slopes are gentler. 
Figure 5 shows four downslope profiles made 
from fathograms along the western margin of 
the area shown in Figure 1. In this section, the 
slope breaks are 70-130 feet high. Possible 
extensions of these breaks in slope have been 
found 30 miles northwestward beyond an 
intervening unsurveyed area. 


DISCUSSION 


The valleys described above occur seaward 
of the first channel where currents and sedi- 
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ments can pass south around the end of the 
Florida Keys in water deeper than 10 fathoms. 
It is highly doubtful that sufficiently large 
volumes of sediment are carried through the 
channel between the outer Florida Keys and 
Dry Tortugas at the present time to support 
any suggestion that these valleys are formed by 
turbidity currents related to present conditions. 
If turbidity currents are the mechanism for 
keeping the valleys open, then why do the 
valley heads terminate abruptly at 300 fathoms 
at the base of a wide smooth slope that shows 
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Although the escarpment shown in profiles 
E and F (Pl. 2) and the elongate depression 
below it do lead into one of the valley heads 
(Fig. 1), a fault origin for all these valleys is 
improbable. The dendritic pattern and the 
sinuous course of Tortugas Valley are more 
indicative of an erosional origin. 

The valley patterns suggest that two stages 
of valley cuttings are represented. The cutting 
of the major Tortugas Valley modified the 
slope between it and the Agassiz Valleys so that #. 
the trend of this slope after valley cutting was 








Vv ¢ 4 





Figure 5. North-south fathogram tracing showing four steps on the slope at the 
western margin of Figure 1. Depths are in fathoms, step rises in feet, and the 


vertical scale is exaggerated 4X. 


no channeling? More probably the smooth even 
slope from 25 to 300 fathoms represents an 
apron of sediments that are gradually burying 
the valley heads. Sufficient sediment for this 
probably originates in Florida Bay and along 
the west coast of Florida. The southwesterly 
flow of sediments out of shallow Florida Bay in 
response to the prevailing easterly winds is 
accelerated during northeasterly storms when 
the “white water” of Hunt (1863) and Vaughan 
(1910) reflects the amount of sediment put into 
suspension. Ginsburg (1956) in his extensive 
study of the calcareous sediments of Florida 
Bay and the reef tract reports that winds of 15 
mph or more cause the waters to be so filled 
with suspended sediment that the bottom is not 
visible in depths of 6 feet. 

The writers believe that Tortugas Valley and 
Agassiz Valleys have an origin unrelated to 
processes presently operating in the area and 
are masked in depths of less than 300 fathoms 
by the gradual encroachment of a sediment 
apron. 


northeast-southwest rather than north-south 
(Fig. 1). Since the major tributary of the 
Tortugas Valley is aligned with the maximum 
slope of a surface that obviously postdates the 
time at which Tortugas Valley was cut, the 
tributary itself must postdate the formation of 
the major valley. The great similarity between 
the form of this tributary and tat of the Agassiz 
Valleys just to the east plus the fact that they 
all trend uninterrupted for long distances 
parallel to the trend of the maximum slope s 
gest that these valleys were all formed by the 
same agent and that all therefore postdate the 
cutting of the major Tortugas Valley. 

That these straight valleys owe their origin 
to turbidity currents that in the past coursed 
down these slopes is suggested by (1) the 
straight courses parallel to the trend of the 
maximum slope; (2) the occurrence of banks 
higher on the west (right bank) than on the 
east (Kabalac, 1957) and the apparent ‘“‘sub 
marine levee” (Menard and Ludwick, 195]; 
Buffington, 1952; Dill, Dietz, and Stewart, 
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1954), along part of the west bank of one 
valley; (3) the tendency of the lower reaches 
of the major valleys to curve toward the left 
(east), comparable to the “‘left hooks” of 12 
deep-sea channels reported by Menard (1955); 
and (4) the narrow V-shaped channel in the 
otherwise flat floor of the valleys (Fig. 3). 

The karstlike topography of the Pourtales 

Terrace with the deep sink holes along the outer 
edge led Jordan (1954) to surmise that this 
feature at one time was above sea level. The 
relative drop in sea level that caused extensive 
solution of the limestones of this terrace must 
have been preceded by a period when sea level 
stood at about 100 fathoms long enough for the 
original terrace to develop. This depth coincides 
with the depth of the stillstand Jordan and 
Stewart (1959) postulated to explain the de- 
velopment of the submerged barrier spit and 
lagoon about 170 nautical miles to the north- 
west. 
The small area of undulating bottom im- 
mediately west of the Pourtales Terrace is 
believed to represent local step faulting. In 
support of this are (1) the occurrence of the 
relatively short and parallel ridge crests at 
regular intervals, (2) the uniform asymmetry 
of the ridges steeper on the east sides than on 
he west, suggesting a relative upward motion 
of the block west of each fault, (3) the occur- 
ence of the ridge crests at a higher elevation 
than the surrounding area, and (4) the occur- 
rence of the structures at the point where the 
arge Pourtales Escarpment ceases to be identi- 
fable as a separate topographic feature. 

The writers believe that these four echelon 
step faults are minor faults related to the west- 
ern end of the Pourtales Escarpment. This 
Hvould support the contention that the escarp- 

ent is also of fault origin. The writers assume 
that the Mitchell Escarpment at 700-800 

athoms represents a second fault. This agrees 
with Pressler (1947) who, with considerably 
ess knowledge of the detailed bathymetry, in- 
ferred two zones of downfaulting on the Florida 
south slope. 

Bush (1951) described a rock sample from 
his area. The specimen, dredged from the sea 
floor below the Pourtales Escarpment, was re- 
overed from 375 fathoms at 24°10’ N., 
1°31’ W. A freshly broken surface and the 
istribution of encrusting organisms indicated 

hat the specimen had been broken from a 
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larger outcrop. The sample was calcium carbon- 
ate stained with ferric iron, and the high fossil 
content dated the specimen as lower Miocene 
correlative with the Chipola formation of 
northern Florida. From the contained fossils, 
Bush (1951) states that the sediment was de- 
posited at a depth of probably less than 30 
fathoms in an area where planktonic Forami- 
nifera did not live. He further states that the 
area was subsequently raised above sea level 
where it was subjected to solution which 
formed cavities throughout the rock. The rock 
was then stained with iron oxide and later sub- 
merged where a new ecologic environment in- 
cluded planktonic Foraminifera which col- 
lected in the cavities and were cemented with 
calcium carbonate unstained by iron. The 
environment of original deposition indicates a 
shallow lower Miocene area cut off from plank- 
tonic Foraminifera; this suggests a barrier 
farther seaward than the present Pourtales 
Escarpment. This would lend support to the 
contention of Newell (1959) who claims that 
the present outer escarpment of the Blake 
Plateau, which continues south along the 
eastern side of the Bahamas, is not of fault 
origin but is formed of dead coral reefs. How- 
ever, the evidence for faulting of the Pourtales 
Escarpment would appear to preclude a similar 
origin for this particular feature. The Coast and 
Geodetic Survey plans to dredge this escarp- 
ment in the near future and may provide a 
more definite answer to the problem of its 
origin. 

Shepard (1948, p. 175-99) ascribes conti- 
nental slopes mainly to faulting along the 
continental margins, and a fault origin has been 
postulated for large escarpments such as the 
prominent one along the west Florida conti- 
nental slope (Jordan, 1951; Jordan and Stewart, 
1959), and for other scarps in the Gulf of 
Mexico (Weaver, 1950; Dietz, 1952; Gealy, 
1955; Greenman and Le Blanc, 1956). Lynch 
(1954) discusses the slopes and escarpments of 
the Gulf of Mexico and the theories as to their 
origin, and Dietz (1952) includes a summary of 
the theories on the origin of the world conti- 
nental terrace. The present authors believe 
that no single theory can explain all continental 
terraces and that each area must be surveyed 
and studied individually and the evidence 
evaluated for that area only. 
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conditions the principal strain axes can be deter- 
mined, by using not only the familiar odids, peb- 
bles, and crinoid columnals but also a large group 
of fossil remains and impressions and primary sedi- 
mentary structures. The most useful features are 
single linear elements in which extension can be 
measured; the next most useful are groups of three 
directions of known original relative orientation, 
and the least useful are originally perpendicular line 
elements. Under ideal and unusual conditions 
volume change can be measured. 

Examples of strain analysis are worked out in de- 
tail to illustrate both the versatility and limitations 
of the method. 
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NTRODUCTION 
eneral Statement 


The motion imparted to rocks during moun- 
in building can be separated into two parts: 
) translation and rotation of the mass as a 
hole and (2) relative motion of parts of the 








mass with respect to one another. Such relative 
motion is called here the strain. Although both 
parts are in general combined in the deforma- 
tion observed by the structural geologist, in 
special cases there may be no translation, or no 
strain. Where strain has been appreciable we 
say that the rocks have ‘‘flowed.” 


peological Society of America Bulletin, v. 72, p. 1059-1080, 15 figs., July 1961 
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There is usually no way to determine (1) 
from field evidence, although in many cases the 
amount of rotation of bedded rocks can be 
estimated. There are ways of determining the 
strain quantitatively. This paper is concerned 
with one method of determining the magni- 
tude of large strain in deformed rocks. 

There are several reasons why the study of 
strain is important in structural geology. A 
statement of the strain is the most precise and 
fundamental description of how a rock has de- 
formed. Strain is a quantitative measure of the 
amount of flow. Detailed knowledge of strain 
in structures such as folds may lead to a clearer 
understanding of their origin. Knowledge of 
strain may also make it possible to deduce the 
stresses responsible for deformation. Attempts 
have been made to estimate stress by deform- 
ing models of observed structures and by petro- 
fabric analysis. Direction but not magnitude of 
stress is estimated. Another approach is to treat 
the rock as a plastic solid. A stress-strain law 
determined in the laboratory might be applied 
to the strain measured in the rock to determine 
the stress responsible for the deformation. Al- 
though no stress-strain law valid for large de- 
formations is yet known, it appears worthwhile 
to explore the first step of this approach, the 
determination of strain. 

Knowledge of strain may help to identify the 
flow mechanism responsible for the deforma- 
tion of a particular group of rocks. Discon- 
tinuity of strain over short distances might sug- 
gest, for example, that shear fracturing and ro- 
tation of fragments were involved. 

Although strain was measured in deformed 
rocks very early in geology, it has never re- 
ceived a great deal of attention. Features whose 
original shape is known in sufficient detail are 
scarce and rather complicated calculations are 
required to compute strain for all but the 
simplest situations. This paper gives an alterna- 
tive semigraphical method of determining 
strain, based on Nadai’s work (1950) and shows 
its application to geologic problems. Many of 
the characteristics of the strained state are 
more readily grasped using this method than 
through formulae, and it is hoped that this 
clarification may renew interest in geologic 
strain measurement and in the discovery of 
features, perhaps more common than suspected, 
which might yield measurable strain. 
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Mathematical Descriptions of Strain 


(a) 


Mathematical descriptions of strain fall in 
one of two groups, depending on the magnitud 
of the strain. The one describing small straing 
the infinitesimal strain theory?, is the simple 
of the two. However, it cannot be used for th 
large strains of interest in structural geology. 

The simplest large- or finite-strain descrip 
tion is that of finite homogeneous strain. How 
ever, most geologic strain taken to include 4 (b) 
large volume of material, such as an entir 
fold, is not homogeneous. Such strain can 
treated, however, by analyzing one at a ti 
small volumes of material, such as a small par 
of the limb of a fold. All that is needed is tha 
displacements be continuous and that stra 
vary gradually. Then at least locally the equ 
tions of finite homogeneous strain will apply 
Many minor structures indicate that this: 
true; for example, many circular objects a 
quire an approximately elliptical shape durin 
deformation. Faulted rock must be excludei 
because a fault is an abrupt change in dis 
placement. 

We are concerned, then, with application ¢ 
finite homogeneous strain theory to highh 
strained rocks, and in particular, with met 
























(c) 


Figure 1. 


origina 
for measuring strain within regions of hom See 
neous strain. The mapping of strain and ig (b). T 
variation in a particular structure, like a fold quadra 
is a field problem and is not considered her For co 
The question of whether the measured strain! a 


the total or only a fraction of the total a 
perienced by the rock can be answered onl 
for specific geologic situations. Breddin (195 


1 Jt must be assumed that the reader is acquainted wit 
the general concept of strain, both finite and infinites 
mal. In view of past confusion in geology regarding s 
some review of this material appears justified and by An ex 
been drawn from Nadai (1950, chap. 11, 12) and Jaegs length of 
(1956, p. 20-48). strain is 











°T pointe, 231-233) among others discusses various as- 
ested imfhects of this important and difficult question. 
ate also; i, 

dai, E.¢ Definitions 

| respons Strain is the change in relative configuration 
ss of tif the parts of a body. It is natural to use as 
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(b) 









to highly Figure 1. Unit shear and quadratic elongation. Two 


1 met originally perpendicular lines, a and 6 (a), are de- 
f homogeg formed in finite homogeneous strain to a’ and 6’ 
n and it@ (b). The unit shear of the lines, Yap, and the 
ike a fold quadratic elongation, Aq, of the line a are shown. 
ered hert§ For comparison with components of infinitesimal 
d strail strain the shear Ep of the two lines is given with 
total & the extension, €g, of the line a (c). 

ered onl 

in (1956fmeasures of strain the change in length of lines 
sainted wit the change in angle between a pair of lines 
d infinitesg" 2 line and a plane. These determine the 
irding s uantities extension and shear, respectively. 

ied and bj An extension is the ratio of the increase of 
) and Jaegqfength of a line to the original length. A shear 


train is usually defined for a pair of originally 
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perpendicular lines. In Figure la such lines are 
a and 4 before strain and a’ and 6’ (Fig. 1b) 
after strain. The shear strain is usually defined 
as some function of the angle y where y is the 
amount which the line a has been ‘‘sheared” 
out of its original position with respect to line 4. 

A physical description of finite homogeneous 
strain is embodied in the following statements: 

(1) Straight lines in the unstrained state re- 
main straight after strain. 

(2) Parallel lines in the unstrained state re- 
main parallel after strain. 

(3) All lines in the same direction in the 
body undergo the same extension. 

(4) A sphere imagined to be imbedded in 
the unstrained material at any point becomes an 
ellipsoid after strain. The ellipsoid is called the 
strain ellipsoid, and its axes are defined as the 
principal axes of strain, or simply the strain axes. 
Planes that include two of these axes are prin- 
cipal planes. In the direction of the principal 
axes the shear is zero, and the extension as- 
sumes its greatest, least, and intermediate val- 
ues, the principal strains. 

(5) A particular ellipsoid in the unstrained 
state becomes a sphere after strain; it is called 
the reciprocal strain ellipsoid. The directions of 
the axes of the reciprocal strain ellipsoid are the 
original directions of the principal strain axes 
in the unstrained state. 

(6) In pure strain there is no translation and 
rotation of the body as a whole with respect to 
the strain axes. Therefore the directions of the 
strain axes before and after strain coincide, and 
the directions of the axes of the strain ellipsoid 
and reciprocal strain ellipsoid coincide. For gen- 
eral strain, which is not pure, the directions of 
the strain axes constantly change with respect 
to the body during deformation. 

(7) Only three mutually perpendicular di- 
rections in the unstrained state remain mutu- 
ally perpendicular after strain; these are the 
principal strain axes and therefore the axes of 
the ellipsoids referred to in (4) and (5). 

A state of strain is defined most simply by the 
orientation and magnitude of the three prin- 
cipal strains. 

Analysis of strain consists either of finding the 
extension and shear when principal strains are 
known, or of finding the principal strains when 
the extension and shear are known for various 
directions. The second type of analysis is the 
more common in geology. 


Previous Measurement of Strain in Geology 


The present concept of strain was apparently 
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understood by Cauchy in 1822 (Love, 1944, 
p. 8). The first geologic applications were made 
by Sorby (1853) and Haughton (1856). 
Thomson and Tait (1879) gave the first com- 
prehensive mathematical treatment. 

Strain measurement in geology was almost 
ignored from about 1900 until recently. One 
reason may have been the appearance of 
Becker's theories of rupture (1893) and of the 
formation of cleavage (1904; 1907) which were 
based on finite homogeneous strain and on the 
strain ellipsoid. These theories were not gen- 
erally accepted and were eventually discarded 
after much discussion. They had become so ir- 
revocably linked with finite strain that the 
study of finite strain was discarded also. 

Quantitative strain measurement is closely 
tied to both petrofabric analysis and certain 
proposed laws of fracture and flow. Griggs 
(1935) discusses the fracture law of Becker, and 
Turner (1948, p. 161-163) discusses the differ- 
ence in approach of petrofabric analysis and the 
study of strain. 

Measurements of strain have been made by 
means of fossils, plastically deformed crystals 
(Schmidt, 1927, p. 60; Handin and Griggs, 
1951), and various features such as pebbles 
(Oftedahl, 1948) and odids. 

The first measurements of strain using fossils, 
in which either per cent elongation or the ratio 
of principal strains was reported, were made by 
Haughton (1856), Dufet (1875), and Wettstein 
(1886). Ernst Cloos (1947) and Rutsch (1949) 
give excellent reviews of this early work. 

By far the most extensive studies of strain in 
deformed rocks are those of Haughton, Wett- 
stein, Ernst Cloos, and Breddin. Haughton 
(1856) computed ratios of the three principal 
strains from observations of brachiopods in 
which ratios of certain lengths in strained and 
unstrained state could be compared. He as- 
sumed homogeneous strain and assumed that 
two principal strains lay in the plane of cleav- 
age, one parallel with the intersection of bed- 
ding and cleavage. This enabled him to de- 
termine ratios of three principal strains from 
only two deformed shells. 

Wettstein (1886) described the distorted 
fish remains from Tertiary slates beneath the 
Glarner overthrust. He computed from the dis- 
tortion of originally perpendicular parts of 
skeletons the ratio of the principal strain axes 
in the bedding planes. He assumed that the 
bedding contained two principal strains, one 
parallel with a certain prominent lineation. 
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Ernst Cloos computed the magnitudes a 
directions of principal strains from the dist 
tion cf odids (1947). He assumed that odids 
crinoid columnals were originally spherical a 
circular respectively and that their volumeh, 
not changed during deformation. 

Breddin (1956a; 1956b; 1957) used cring 


columnals, cephalopods, pelecypods, and by 
chiopods to derive the direction and magnitug 


of the three principal strains. To compute the 
quantities he assumed that: (1) the strain y 


strain 


homogeneous; (2) volume change during df urfac 


formation had certain arbitrary values depen 


perpe! 


ing on the type of rock containing the fossil here 


(3) cleavage was perpendicular to the ma 


mum shortening; and (4) a certain lineation 
the rocks was parallel with one strain axis, 
A general feature of all previous work is 
assumption of volume change, of shape or¢ 
entation of strain ellipsoid, or even of the my 
nitude of one of the strain axes. Clearly, this 
part of the information we are seeking. Itj 
therefore of particular interest to explore wa 
of determining strain axes and even volup 
change without arbitrary assumptions, or 
least to determine systematically the minim 


the ta 
no lor 
eral, Wi 
tions. 
tangen 
straine 
plane ¢ 
shear b 
planes 
placed 
For 
princip 


number of assumptions required to make tifshear h 


problem tractable. 


MOHR DIAGRAMS IN THE ANALYSIS 
OF STRAIN 


Choice and Definition of Strain Components 


Hershey (1952) gives several ways of deseti 
ing mathematically the change of length of 
line, and the shear of a pair of lines, or a line 


nature of the information available in geola 
and by the kind of strain analysis intend 
The following were considered: 


strains are desired. 

(2) In deformed rocks, the strained state 
usually known, as well as relative lengths 
directions in the unstrained state. The agg 
between a particular line in strained and 
strained states is usually not known. 

(3) In many cases bits of information mf 
be combined. The particular definition 
change of length and shear selected should hi 
a simple physical meaning and be easily meas 
able for geologic features. 

The components that best meet the ab 
requirements and have the great advantag 
graphical representation are the qua@ 





The f 












tudes ay elongation, \, and the unit shear, y (Nadai, 1950, 
the distaff p, 117).? The quadratic elongation is the square 
: OGids anf of the ratio of a length, a’, of a line in the 
rerical anff strained state to the length, a, in the un- 





strained state (Fig. 1). 

The unit shear of a line is defined as follows: 
ed crinoifj During finite homogeneous strain a sphere im- 
, and br agined to be imbedded in the material is de- 
Nagnituds formed into an ellipsoid. Any line in the un- 
pute theif strained state can be imagined to pass through 
strain wa the center of the sphere and to intersect the 
during dM surface of the sphere at a point. The line is 
es depeniff perpendicular to the tangent plane to the 
the fossil sphere at that point. After strain the line and 
the mai the tangent plane to the resulting ellipsoid will 
ineationi@no longer be perpendicular, as both, in gen- 
n axis. Geral, will be sheared out of their original posi- 
work is tiitions. The unit shear, y, of the line is the 
ape or on tangent of the angle y between the line in the 
of the maffstrained state and the normal to the tangent 
arly, thisiiplane of the strain ellipsoid. It is called ‘‘unit” 
>king. Itishear because it is the distance a pair of tangent 
plore waiplanes originally a unit distance apart are dis- 
en volumiolaced in shear. 
ions, or™# For the special case of strain in one of the 
€ minimugiprincipal planes of the strain ellipsoid the unit 
> make tiffshear has a simpler meaning. As shown in Ap- 
ndix 2 it is the tangent of the angle, y (Fig. 
|b), where (90 —y) is the angle in the strained 
state between two lines originally perpendicular 
in the unstrained state. For comparison of \ 
and y with the more familiar strain components 
of infinitesimal strain theory the latter are 
hown in Figure Ic. 


olume hy 
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length off The principal strains are the principal quad- 
or a lineaifiratic elongations, \1, 2, Az, in which Ay > de 
ded by ti§> \3. Zero extensional strain means quadratic 
> in geolm@elongation of unity. 
is intend Volumetric strain is found as follows: Con- 
Bier a cube of edge length ¢ with edges aligned 
of princmparallel with the strain axes. Original volume 
of the cube is c*, The strained cube has edges 
re ie Vy, V2, € Vi3 and a volume of c? V\;A2\3. 
The te change of volume per unit volume, or unit 
‘ , eolume change is 
ned and t . 8 
3 3 
n. cVAA2A3 — C ens 
mation Ml Se es oe Varders — 1. 
lefinition ; ; 
‘should b fohr Diagrams for Plane Strain 
asily mes#j Analysis of strain involves either finding the 
tthe 7" *The relation of \ and y to various strain tensors is 
advantagtiiven in Appendix I and the unsuitability of certain 
1e = quadeBensors for geologic problems is discussed. 
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strain components, \ and y, for particular di- 
rections when the principal strains are given, 
or finding the principal strains when \ and y 
are known for various directions. The second 
type of analysis is of greater geologic interest 
but more difficult than the first. In order to 
simplify the introductory material below it is 
assumed that strain components are sought for 
a known state of strain; the geologically more 
relevant problem is treated in later sections. 

One of the great advantages of using the 
strain components \ and y is that graphical 
representation not only eases the solution of 
many geologic problems but enables many of 
the properties of the strained state to be clearly 
visualized. Nadai showed that the equations of 
finite homogeneous strain when written in 
terms of \ and y could be represented graph- 
ically in a diagram similar to the Mohr circle 
for stress or for infinitesimal strain (Jaeger, 
1956, p. 9, 43). Such diagrams for finite strain 
are called Mohr diagrams—‘‘circle”’ would be 
confusing, as they may be either ellipses or 
circles. Analysis of strain using Mohr diagrams 
becomes, by analogy with stress, either a matter 
of finding strain components for particular di- 
rections, given a Mohr diagram representing a 
state of strain, or constructing a Mohr diagram 
from known strain components for various 
directions. 

A general state of strain involves relative 
motion in three dimensions. For simplicity 
strain in two dimensions is first discussed; this 
can then be extended to three dimensions. The 
particular type of two-dimensional strain 
treated is plane strain in which the principal 
quadratic elongation normal to the plane of 
interest, a principal plane, has the value of 
unity. 

During finite strain a line may change direc- 
tion with respect to strain axes. The direction 
of a line can therefore be described either in 
terms of position before strain or after strain. 
This leads to two sets of equations describing 
how strain components vary in direction for a 
given strain, referred either to strained or to 
unstrained states. There are two corresponding 
Mohr diagrams—there is only one for in- 
finitesimal strain, for lines change direction by 
a negligible amount. In geologic problems the 
two Mohr diagrams are used either singly or 
together, depending on the nature of the in- 
formation available. 

UNSTRAINED STATE: Consider a state of strain 
defined by certain principal quadratic elonga- 
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tions, Xz, Ae, As. The A and y of an arbitrary sions are analogous to those for stress in tw varia 
line are given by Jaeger (1956, p. 35, 36, equa- dimensions with the exception of the temff given 
i 5, 18): Kwa ‘ duci 
— ) V\1A3 which is related to area change in th ducin 
A = Ayai" + Vode" + Aga" (1) A4Az3 plane. These equations define an ellipse ip (Jaeg' 
2 22.2 the Mohr diagram when X is the abscissa ani 
= AzA2QA3} A3Z(AL — A2)*a1"a2" , : ee 
bd 4 ee arete at 2 2) ar a2 (2) vy the ordinate (Fig. 2). This is called here th 
dtc Ss % Mohr diagram for the unstrained state. In; 
+ A2(Az3 _ A1)°a3"a1"} : fh. Ss 
region of homogeneous strain defined by ), ani 
where 41, a2, and a3 are directions cosines of the 3 the strain of any line, whose inclination y 
arbitrary line referred to the strain axes before the direction of \, is $1, is given by a Poin: h 
- where 
and a 
Y direct 
Oy) A3) Y 
Figure 
AitAs Paes | er a for Cc 
3 Be rr ae a come: 
Figure 2. Mohr diagram for the unstrained state. For a plane strain de- tai 
fined by \; and Xg the elongation and unit shear of all lines are on the — 
ellipse. An arbitrary line, a, at an angle ¢; to the direction of \; has equals | 
strain components a(A,¥). The point a(A,y) is found by dropping 
vertically from the point where a line of inclination 2@, intersects the Vv 
construction circle (dotted). The construction circle is drawn through 
Xi and \3. The area change in the plane of strain is V\,A3 — 1. 
strain. For plane strain consider the \y\3 plane, (A,y) on the ellipse. The point is found by 
and let \2 equal 1. Then the direction cosine a2 _ laying off a line at an angle of 2¢, to the ) axsivhere t 
becomes zero, and these equations become and dropping down to the ellipse from the infithe strai 
“ ; tersection cf the line with a circle through My (or ec 
d= Arar’ + dass and X3. quatior 
















A+ As. AL — AB - 3) The area change in the \4\z3 plane per uniifThis is 
= cos 1 = . 
Pies 7 
: : area is VAiA3 — 1. This is also equal to ined 
} jes of ar 
volume change here, as 2 equals 1. For t hig \ 
y == (A3 — A1)a3a1 . sans is Mol 
VALA3 special case of no area change, VA1\3 = 1, anlhe unst 
the ellipse becomes a circle (Fig. 3). 0 area ¢ 
fend. ‘ STRAINED STATE: In the Mohr diagram fufpf diffe 
a Vyas atid (4) the unstrained state above, directions are t Compar 
' in the unstrained body. Alternatively a Mot To en 
where @ is the angle between the arbitrary diagram can be constructed to describe tigpresent 
line and the ), axis before strain. These expres- variation of strain in the strained state. Thiore fan 











SS in twi variation of the strain with direction is now 
the tem viven in the most convenient form by intro- 
a. : : / 
ducing reciprocal values of strain components 


€ in th = ~ . : 
“cllipe (Jaeger, 1956, p. 37, equations 23, 24): 
scissa an N= dg/ay” + do'ae” + Ag’a3” (5) 
1 here the 
ate. In; y'? = (da! — deo’)?aya2” 

by Ax and + (A2’ — Az’)?a2"a3” (6) 
ination ty + (X3’ — A1’)?a3"ay” 


VY a pom ’ 

Y ® Pom where X’ = 1/A, y’ = y/A, Ar’ = 1/A;, ete., 
and a1’, 42’, @3’ are direction cosines defining a 
direction in the strained state. 


,y) 


» Ao /2%\\ x 








Figure 3. Mohr diagram for the unstrained state 
for constant area. The ellipse of Figure 2 be- 
comes a circle, and Ay equals 1/3. 


Again, for strain in the \4Az; plane and for 2 
equals 1, 


N= 





Rae AS. AE oe Ne 
7 + 7 


cos 2,’ (7) 


, , 

y= - omen sin 2¢)’ (8) 
found by ‘i 
» the ) axifivhere the angle $1’ now gives the direction in 
om the ingfthe strained state of a line whose strain is \ and 
through My (or equivalently, \’ and y’). These are the 
equations of a circle in co-ordinates \’ and y’. 
is is defined as the Mohr diagram for the 
strained state (Fig. 4). All states of strain regard- 
ess of area change are represented by circles in 
his Mohr diagram; in the Mohr diagram for 
3 = l,anifthe unstrained state only states of strain with 
| 0 area change are circles. The angle ¢y’ is laid 
iagram {uff differently from $ in the two diagrams. 
1s are thos Compare Figures 2 and 4.) 
‘ly a Mou§ To emphasize the difference between the 
escribe tigpresent use of the Mohr diagrams and the 
state. Thmore familiar usage for stress and infinitesimal 
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strain, typical examples are shown in Figure 5. 
Usage of the two Mohr diagrams for finite 
strain is shown for a two-dimensional pure 
strain in Figure 6. The position of an arbitrary 
line is shown in the unstrained state at a and 











Figure 4+. Mohr diagram for the strained state. The 
principal quadratic elongations are the same as 
for Figure 2. In this diagram all strain states re- 
gardless of area change plot as circles. An arbi- 
trary line in the strained state, a’, which is at an 
angle @y’ to the direction of dy (or to Ny’ as they 
are parallel for pure strain), has components a’ 
(A’,y’) which are found on the circle through 
Ay’ and A3’. 
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bars STRESS 


€& 
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FINITE HOMOGENEOUS STRAIN 
Figure 5. Mohr representations. The Mohr dia- 
gram for the unstrained state for finite homoge- 
neous strain (bottom) is compared with the more 
familiar Mohr circle for stress (top) and for in 
finitesimal strain (middle). Note that for the 
finite-strain diagram the ellipse must lie to the 
right of the origin, because of the definition of A. 
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in strained state of a’. The strain for this direc- and y’ are computed for the line, and its poe A 
tion is shown in the two Mohr diagrams. tion on the circle in the \’y’ diagram found. equ 
Many of the properties of strain are easily This gives $1’ and hence (¢1’ — $1), which 
visualized in the Mohr diagrams: the rotation of the line as a result of strain, 
(1) Only two lines (¢1’, ¢1 = 0°, 90°) do An alternate method of determining tk 
not change direction as a result of strain. These change of direction which a line undergos 
are the intercepts of the Mohr ellipse or circle during strain is as follows. From Figures 2 an 
and 
(30° 
a 
f 
a' 
unstrained strained 
y 
Figur 
gral 
stat 
stra 
Yma 
y way 
stra 
and 
A' | 
state 
Figure 6. Mohr diagrams for strain. A square and a circle are shown before and 
after a homogeneous pure plane strain defined by Ay = 4.0 and \3 = 0.36. (3) 
The circle (upper left) transforms into an ellipse (upper right). If the circle has unstra 
unit radius the ellipse is a section of the strain ellipsoid in the principal plane the en 
containing \y and A3. An arbitrary line, a, before strain, has the strained the un 
orientation a’. The strain components, y and X, of this line are shown below under 
referred to the unstrained state (lower left) and to the strained state (lower respon 
right). Area change here is + 20 per cent. ng 
the str 


with the \ axis or the \’ axis. These lines un- 
dergo greatest and least strains, and for these 
directions y equals zero. Only pure strain is 
considered here, and this by definition means 
that the directions of principal strain do not 
rotate, with respect to co-ordinates beyond the 
regions of strain. 

(2) All lines other than those coinciding 
with the directions of principal strain rotate 
with respect to one another. If the orientation 
of a line in the unstrained state is defined by 
¢1 then its position after strain will be ¢,’. The 
angle $1’ may be found from the Mohr diagram 
for the strained state if the components of 
strain, \ and y, for the line are known and the 
principal strains are known. The quantities \’ 





4, for the line whose strain components are) (#) 












and magnit 
tan ¢, = L Vaads 

P wy! y/d hy Band ist 

tan ¢, = to the | 


er nee ee, 


- lines al 
By combining these, we have the result 


the dir 


hs 6) I 

tan ¢;' = tan ¢4 i sented | 

. elongat 

which gives the new direction of a line in tem length , 


of the old direction and the principal strait unity, 
This result was derived by Wettstein (1886,9§ pairs of 
33) and used by Breddin (1956a, p. 264). (6) I 


As an example, let @; of line a in Figure 6 


d its pos- 
equal 30°. Then 


im found, 
, which 
strain, 

ining the 
undergoss 
ures 2 and 


™ 
tan @;’ = tan sor/ = = 0.3 tan 30° 
1 


¢1’ = 10° 


and the rotation of the line @ during strain is 
(30° — 10°) or 20° toward the ), axis. 











max 9 Jr xg 1.0 

Figure 7. Properties of strain in the Mohr dia- 
grams. The Mohr diagram for the unstrained 
state is plotted above the abscissa, that for the 
strained state below. The position of the line of 
Ymax before and after strain is shown; $y’ is al- 
ways less than @ for this and all lines. For this 
strain at equal area the planes of circular section 
and lines of no distortion coincide at the point 
A’ in the strained and at 4 in the unstrained 
state. 


| (3) Twe lines originally perpendicular in the 
? unstrained state are represented by points on 
. the end of a diameter in the Mohr diagram for 
| the unstrained state. Any two such lines always 
| undergo the same unit shear. The points cor- 
responding to the two lines are not at the ends 
ofacommon diameter in the Mohr diagram for 
the strained state. 

(4) The maximum unit shear, Ymax, is of 
magnitude 





nents are! 


Ay — AZ 
2VAIA3 


yds andis the unit shear of lines originally at + 45° 
= y-ne? the \; and \3 axes of principal strain. Such 
lines always rotate in such a way as to approach 
the direction of maximum extension (Fig. 7). 
(5) Planes of circular section would be repre- 
(B sented in plane strain by lines whose quadratic 
elongation is the same as A». Lines of unchanged 
ine in ten length are lines whose quadratic elongation is 
ipal strait gp eaity, When Az equals unity both of these 
in (1886,)m pairs of lines coincide. (See Figure 7.) 
. 264). (6) Directions of maximum unit shear and 
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directions of circular section or unchanged 
length never coincide when strain has taken 
place at constant volume. When volume has 
changed they may coincide. For example the 
direction of Ymax is a direction of unchanged 
length when the center of the Mohr ellipse is 
at (1,0). This requires a large volume decrease. 

(7) For simple shear, which is equivolumnal 
plane strain, the motion is analogous to sliding 
cf a deck of cards. A straight line inscribed on 
the edge of the cards remains a straight line. If 
the amount of slip of a unit thickness of cards 
is § then the Mohr diagram for the unstrained 
state, here a circle, goes through the two 
points (1, + S) and intercepts the \ axis so 
that the quantity \,\3 equals unity. The lines 
of unchanged length in the unstrained state are 
ab and bc (Fig. 8). 


(a) 








(b) -—10- 











Figure 8. Simple shear. The geometry of simple 
shear is shown in (a). Square bdec is deformed 
into rhomb dfge. Lines parallel with ab and dc are 
lines of unchanged length, and they have a unit 
shear of S. The Mohr diagram for the unstrained 
state is shown in (b) constructed from the two 
points (1, + S) and by keeping A, equal to 1/As, 


as the area is constant in simple shear. 


Any simple shear is completely defined by 
the quantity S which is the unit shear of the 
lines of unchanged length. The quantity S can 
be expressed in terms of the principal strains. 
From Figure 8, 


hy — As\, Ai + Az \ 
sae hati ileal vide dalle 


£ 


= i + Az — AtA3 — I. 
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Since AyA\3 = |, 
S? = dry — 2AAZ + AZ 
=), —-2V hiky + r3 
From this 


S= (3)! _ (A3)! 


(A)! —- (A37)! 


bo) 
S=(—) -[{—}]- 
As AL 


(10) 
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bounded by three ellipses (Fig. 9). The stra 
in any arbitrary direction can be found by, 
method analogous to that for the thre 
dimensional Mohr diagram for stress and; 
given by Nadai (1950) and by Jaeger (19% 
p. 37). 

For the strained state the Mohr diagram cop. 
sists of three circles which intersect the X’ ay 
at the three reciprocal principal strains. 

To continue with the properties of straip 
certain important features in three dimensiog 
may now be added: | 








Figure 9. Mohr diagram for three-dimensional strain. Typical Mohr 
diagram for the unstrained state for strain in which all three principal 
quadratic elongations differ from unity. The strain components of 
all lines lie within the area bounded by the three ellipses, shown 
cross-hatched. The Mohr diagram for the strained state consists of 
three circles for all states of strain. 


Mohr Diagrams for Three-Dimenstonal Strain 


In a general three-dimensional strain all three 
principal quadratic elongations are different 
from unity. The equations for the strain com- 
ponents are given above (equations 1,2,5,6), 
and Nadai showed (1950, p. 127-129) that they 
can be graphically represented in a somewhat 
more complicated form of the two-dimensional 
Mohr diagram discussed above. Figure 9 shows 
such a diagram for the unstrained state for a 
state of strain in which volume is not constant. 
It consists of three ellipses which intersect the \ 
axis at the three principal quadratic elonga- 
tions. Just as strain components of any line 
could be found for plane strain on the single 
ellipse, here they are contained in the area 





(8) The point representing maximum unit 
shear (Fig. 9) occurs on the ellipse joining ); 
and ),; as this ellipse gives the strain compo 
nents of lines in the \,A3 plane, the maximum 
unit shear occurs in this plane. 

(9) The strain in any of the principal plane 
which are planes containing two principd 
quadratic elongations, is independent of the 
value of strain perpendicular to that principal 
plane. 

(10) Equivolumnal strain does not neces 
sarily result in ellipses becoming circles in the 
diagram fcr the unstrained state, as was the 
case for plane strain. For certain strains thet 
ellipses do become circles, but only one ati 
time. 

(11) Lines of unchanged length are located 
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along the dotted line a’ in Figure 9, and all lines 
lying in the circular sections are located along 
the dotted line 4’. 


Geological Misconception of Strain 


Three points of confusion frequently en- 
countered in geologic literature from about 
1900 to the present pertain to (1) the orienta- 
tion of special directions such as the direction of 
ymax in terms of the strain ellipsoid, (2) a sup- 

sed connection between large strain and 
elasticity, and (3) a supposed connection be- 
tween homogeneous strain and properties of 
the strained material. 

The first point is discussed under properties 
4,5, 6, and 11 above and should be easily 
visualized for any range of principal strains and 
volume change by using the Mohr diagrams. 

Many authors regard finite homogeneous 
strain as restricted to elastic strain; some even 
restrict discussion of the strain ellipsoid and its 
properties to infinitesimal strain, or to the 
range of validity of Hooke’s law. Elasticity is 
an assumed relationship between stress and 
strain. Strain is a purely geometric description 
of deformed material. Strain of any magnitude 
can be discussed without recourse to a stress- 
strain law. The third point is due to confusion 
of the mathematical and physical usage of the 
term homogeneous. Homogeneous strain as de- 
fined above may occur in isotropic or aniso- 
tropic, homogeneous or inhomogeneous, ma- 
terial. It is only necessary to consider a twinned 
calcite crystal to demonstrate that homogene- 
ous strain can occur in anisotropic material. 
Calcite is highly anisotropic with respect to 
strength. As another example, homogeneous 
shear strain may be imposed on a book which 
has pages made of different materials. The book 
is therefore inhomogeneous in the sense that it 
isnct physically identical at all points, although 
its strain is homogeneous, when seen on a scale 
which is large compared with the page thick- 
ness, 


Summary 


Of various strain components available, the 
quadratic elongation and unit shear of Nadai 
appear best suited to the needs of and types of 
information available in geology. One of their 
great advantages is that the equations of finite 
strain and the properties of strain can be pre- 
sented graphically. This graphical representa- 
tion is akin to the Mohr circle for stress but in- 
volves here two such diagrams, one for the 


re al strained and another for the unstrained state. 
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Use of equations of finite homogeneous strain 
does not require that material be isotropic with 
respect to strength, that it be homogeneous, or 
that the deformation be within the range of 
validity of Hooke’s law. 


ANALYSIS OF STRAIN 
IN GEOLOGY 


General Statement 


The strain components of an arbitrary line 
have been found above from known principal 
strains. The more relevant geologic problem is 
that of finding the principal strains given the 
strain of certain lines or circular objects. 

Geologic features from which measurements 
of strain can be made are conveniently divided 
into two classes on the basis of original shape: 
circular (including spherical and cylindrical) 
and noncircular. The method of strain analysis 
is examined for these two classes below with a 
view particularly to finding the minimum infor- 
mation needed and the minimum number of 
assumptions required for complete determi- 
nation of strain axes. 


Strain from Circular Features 


Pebbles, odids, and crinoid columnals have 
been commonly used because of their approxi- 
mately spherical or cylindrical shape. Ernst 
Cloos (1947), Oftedahl (1948), and Breddin 
(1956a) discuss in great detail the derivation 
of strain axes from them, and this is only 
summarized here. 

Objects originally spherical deform into 
ellipsoids. The principal strains or strain ratios, 
depending upon whether the original radius is 
known, are found ai once from the ellipsoidal 
axes. Principal strains can be found from strain 
ratios if volume change is assumed (Brace, 
1960, p. 265). One such spherical feature is 
sufficient to fix strain axes. 

The deformation of circular cylindrical fea- 
tures into elliptical cylinders gives at once from 
the two axes of the ellipse a pair cf local principal 
axes for planes perpendicular to the axis of the 
elliptical cylinder. Local principal axes for a 
plane are the axes of the ellipse that is the inter- 
section of the plane and the strain ellipsoid; 
they are the maximum and minimum quadratic 
elongation in the plane in question. When this 
plane is a principal plane, the local principal 
axes become the principal axes. 

If local principal strains can be found for any 
three orthogenal planes (this pertains also to 
strain measured in noncircular features) the 











1070 


principal strains in three dimensions can be 
found analytically* by methods (Nye, 1957, 
p. 41, 165) beyond the scope of this paper. 
They involve solution of the cubic secular equa- 
tion formed from coefficients of \’ and y’ for 
the three orthogonal planes. This may be 
visualized as the construction of a complete 
three-dimensional Mohr diagram such as Figure 
9 from six points which would lie within the 
cross-hatched area. 


Strain from Noncircular Features 


Noncircular features suitable for strain 
measurement include primarily line elements, 
or lineation of various kinds. Generally two or 
more line elements of known original relative 
orientation are required. For example, two 
originally perpendicular lines in a brachiopod 
are the hinge line and the trace of the plane of 
symmetry on the brachial valve. 

A large group of noncircular features which 
has received little attention is the primary sedi- 
mentary structures. Vertical sections through 
cross-bedding, ripple marks, and similar struc- 
tures in which an original angle of repose might 
be estimated to within 5°-10° could be used as 
well as originally vertical features such as 
animal burrows, Scolithus, columnar and co- 
noidal stromatolites, and mud cracks. In the 
bedding surface useful line elements are the 
crest of ripple marks, convolute bedding, and 
scour-and-fill structures, which are originally 
perpendicular to load-cast lineation (Crowell, 
1955, p. 1357). Example 2 under Examples of 
Strain Analysis, below, illustrates the use of 
particular noncircular features such as these. 

Before turning to specific examples, measure- 
ment of strain in noncircular features is ex- 
plored in a general way. For simplicity we first 
examine features which lie in a principal plane 
of strain (so-called two-dimensional strain) and 
then features having an arbitrary orientation 
with respect to the strain axes (so-called three- 
dimensional strain). 

TWO-DIMENSIONAL STRAIN: It is not at first 
obvious even for two-dimensional strain just 
how much information is needed to determine 
the magnitude and direction of the two princi- 
pal strains. This can be explored systematically 


3 No graphical way is known to the author for finding 
a particular ellipsoid when given any three central 
sections for which the axes of the three ellipses are known. 
Under special conditions, such as if the plane ‘of one of 
the central sections includes the unique principal axis of 
an ellipsoid of revolution (Breddin, 1956a, p. 267), the 
problem is trivial. 
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by noting how far toward a complete solution 
a single line, a line pair, and various combing, 
tions of such data will go. 

A single linear element of known origing 
length would yield a single value of X for its 
direction. However, even if two are available 
principal axes cannot be found. Three, hoy 
ever, determine the magnitude and direction 
of two strain axes (Brace, 1960, p. 266). 





Figure 10. Two directions at a known origina 
angle. If @ is 90°, unit shear can be determined 
for this line pair. Otherwise no strain component 
can be measured. The directions are shown 4 
dotted lines at the ends, for they are simply di 
rections, not line segments of known length. Uis 
unstrained and S is strained state. 
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Because of the definiticn of y two linear ele 
ments at an originally oblique angle (Fig. i9| 
are not very useful. Nothing can be measured. 
If they were originally perpendicular y can be 
measured. 

Three lines for which the original angular 
relationship is known (Fig. 11) are more useful. 
To find a value of ¥ it is necessary to locatea 
right angle and then note how it has been 
changed. The lines ON and MN form sucha 
right angle. Line ON has been constructed 
perpendicular to MP. In finite homogeneow 
strain the quadratic elongation of all lines 
the same direction is the same; in the strained 
state the point N’ can be located by using this 
property. Thus 





NP NP. 
M'P’ MP 

In addition to y the ratio of lengths ON and 

MN in strained and unstrained states is known. 











Calling ON and MN a and 6 respectively, thes 
hon _ Xa _ [O'N’ MN \? _ (Ss wy 
dun »%» \ ON M’N’] ~— \M'N' ON 


Thus, starting with three lines of known orig: 
nal relative orientation, we determine ust 
shear and the ratio of quadratic elongations for 
an originally perpendicular line pair cot 
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sructed from the three given lines. The same 
result might have been obtained had we started 
with an originally perpendicular line pair of 
known original length ratio. 

The information derived so far is the unit 
shear and ratio of quadratic elongation of 
initially perpendicular lines, a and 5. If instead 
oflength ratio, original lengths are known, then 
the principal strains can be found directly 
(Brace, 1960, p. 266). Otherwise only the ratio 
of principal strains can be found, by the follow- 
ing met A 








Figure 11. Three directions at known original 
angles. Three directions are OM, OP, and MP; 
their orientation in the unstrained state is shown 
at U and in the strained state at S. The line ON 
is constructed so that it is perpendicular to MN. 
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ON and MN are two directions for which yy and 
| the ratio of quadratic elongations, da/As, can be 
| measured. 


| 





First a useful relationship is obtained. The 
quantity y’ for any line a is, from equation (8), 
May’ = Ag’ 

i «oe Ge Te 

5 1 
and for line & 
Ar’ — Az’ . 
ve! =_— cae ae sin 2051’ 


where \y’ and 3’ are the reciprocal principal 
stains in the plane containing a and 4, and 
¢’ and $»1’ are the angles in the strained state 
between the direction of \’ (or equivalently, 
the direction of \3) and a and 4, respectively. 
Dividing these we have 


sin 2¢a1' 
sin 251’ 


v/a 
Yb 
The angle between a and 4 in the strained state 
known. Call this angle C, where 
C = dar’ + oo1’. 


Positive a1’ is the acute angle measured from 
bs direction of dy’ toward a, and positive 

gn’ is the acute angle measured from the 
direction of \,’ toward 3. 
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We can write 


: r 
sin 2¢q1' = = sin 25)’ 


a 
pe 
= i sin (2C — 221’). 


we obtain 


tan! ( 
tan—! ( 


gar’ + $51’. 


Knowing A,/As from the preceding proposition 
and C, we obtained @q1’ and ¢;’. In other 
words the orientation of the principal strains 
can be determined. 

The initial and final orientation of lines a and 
bare related according to equation (9) by 


A3 
tan $a1 ‘ 
A3 
tan ds14 /— 


where $a: and @»; are the angles in the un- 
strained state between the \, axis and lines a 
and 4, respectively. From the above equations, 


Solving for da1’ 


sin 2C 
a’ = 1/2 ——_-——___—. 
Get / Na/As + Cos =z) 


and similarly 


>(11) 





go’ = 1/2 


sin 2C ) 
Ab/Aa + cos 2C 


where 





C= 


tan gal’ = 


and 


tan $51’ = 


A3 
tan gai’ tan $o1’ = tan gai tan $51 yu 5 
1 


But, since lines a and 4 were originally perpen- 
dicular, 


tan ¢a1 = 1/tan ¢o1, 
or 
tan ¢q1 tan 51 = 1. 
Hence, 
A3 
tan ¢a1’ tan $5)’ = te (12) 
1 


The ratio of principal strains, \1/A3, is ob- 
tained from the values previously obtained for 
gar’ and 51’. Thus, from three line elements 
of known original relative orientation, the 
directions and ratio of two principal strains can 
be found. 

The ratio of principal strains can also be 
found from an originally perpendicular line 
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pair if geologic evidence independent of the 
strained feature indicates the direction of one 
of the strain axes. For example, the axis of 
flexural folds has been taken as the inter- 
mediate strain axis; in many cases a prominent 
lineation in the rocks is assumed to be parallel 
to a strain axis. Discussion of the validity of 
these assumptions is beyond the scope of this 
paper; each situation must be judged on its own 









0 
: 
$0 
a 
é 
s 
‘igure 12. Two directions and a strain axis. Two 
directions, a and 6, whose original and final 
orientations with respect to one another are 
known and for which the orientation of a prin- 
cipal strain axis is known for the strained state. 





merits. Suppose that such an assumption is 
justified where we have two originally perpen- 
dicular lines, a and 6 (Fig. 12): A prominent 
lineation, OO, is taken to be parallel with a 
strain axis. From the distortion shown, OO is 
the direction of the greater principal strain, 
designated as \y. The angles gai’ and ¢y1’ are 
measured, and the ratio of principal strains, 
\1/Xs3, is obtained from equation (12). 

The magnitudes of the principal strains can- 
not be determined from the ratio \1/A3 re- 
gardless of how many strained line pairs of 
unknown length are available, even if the 
direction of one of the principal strains can be 
deduced independently. 

All this information is summarized in Table 
l. 

THREE-DIMENSIONAL STRAIN: Strain of non- 
circular features has been explored above for 
features which lie in principal planes of strain. 
The results shown in Table | hold regardless of 
the magnitude of the principal strain perpen- 
dicular to the plane of the feature. For features 
lying in random planes with respect to strain 
axes, we note an immediate difficulty: the unit 
shear, y, can only be measured in principal 
planes; the simple meaning found for y in Ap- 
pendix 2 is not valid in random planes. There- 
fore, strain analysis using y can only be made 
in principal planes. Using the methods of analy- 
sis presented here three principal strains can 
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be found only by solving two or more two 
dimensional problems. For noncircular featurg 
these must be in planes recognizable before 
hand as principal planes. This is done mo 
simply by noting originally perpendiculg 
directions which have remained perpendiculg 
through deformation: these directions ar 
principal strain axes. For layered rocks which 
have undergone flexural folding one strain axis 
is probably parallel with the fold axis. Hene, 
one principal plane will be approximately 
perpendicular to fold axes. ‘ 

Two three-dimensional cases, then, can he 
treated by the methods given here: 

(1) Principal strain ratios are measurable ip 
two or three principal planes. From this the 
ratios \;/A2, -A1/A3, and A2/A3 are found. 

(2) Principal strains are measurable in two 
or three principal planes. Therefore, )j, \; 
and \3 are found, and from these the volum 
change can be computed. 


Summary 

Geologic features in which strain can k 
measured fall into two groups on the basis of 
original shape: circular (including spherical and 
cylindrical) and noncircular. The former in 
clude odids, pebbles, vesicles, crinoid columnak, 
and clay balls. The latter include a large group 
of fossils and primary sedimentary structures 
in which the common feature is that origina 
length or original relative orientation of linea 
elements is known. 

The three principal strains of a general state 
of strain can be found by the methods gives 
here (for other than originally spherical ob 
jects) only where strained features are availabk 
that lie in principal planes of the strain. The 
principal planes must therefore be recognizable 
beforehand. This is most easily done by notin 
originally perpendicular linear elements tha 
have remained perpendicular during strain 
For simply folded rocks the plane normal to 
the fold axis can probably be taken as om 
principal plane. 

Various ways of finding two principal strains 
or a principal strain ratio, are given for strained 
features that lie in principal planes. The mos 
useful features are those with an originally 
circular shape. The most useful noncircule 
features are those of known original length; th 
next most useful are groups of three or mor 
linear elements of known original relative 
orientation, and the least useful are perper 
dicular pairs of linear elements. 
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EXAMPLES OF STRAIN ANALYSIS 


EXAMPLES OF STRAIN ANALYSIS 

Two examples of two- and three-dimensional 
strain analysis are detailed below. Three other 
examples are given elsewhere (Brace, 1960, 
p. 269-267). 

EXAMPLE |: A portion of a crystal has sheared 
in such a way (Fig. 13a) that a line AB has 
changed direction to BC in passing from the 
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The magnitudes of the principal strains can 
be read from the diagrams as A; = 1.6 and 
As = 0.62. The orientation of principal strains 
is obtained from the Mohr diagrams through 
the angles @; and $y’, which relate the direction 
of \; to the direction of unchanged length BB’. 
Short lines having the direction of principal 
strains are shown in Figure 13c. 

This problem is not one of pure strain be- 


Taste 1. Two-DimensionaL ANnALysis Using NoncircuLar FEATURES 

The number of line elements available is given with the known original orientation, the strain components that 
can be measured, and the principal strains that can be derived. In the last column ¢’ means that the orientation of 
principal axes can be found. Where three line elements are not originally perpendicular, a perpendicular line pair, 
aand 6, may be constructed from them. 














Number of line Original Strain components _ Principal 
elements available orientation measurable strains derived 
2 Oblique Nothing Nothing 
2 Oblique, of known lengths r Nothing 
2 Perpendicular Y Nothing 
2 Perpendicular, of known yAa/No A1/A3, 0” 
length ratio 
2 Perpendicular, of known Y> NaAb ALA3, o” 
lengths 
2 Perpendicular, orientation ¥, Na/Ab A1/A3, ¢” 
of principal strain axis 
determined independently 
3 At known oblique angle > Na/Ab d1/A3, 0” 
More than At known oblique angle ¥, Na/Nod d1/A3, ¢” 
3 
3 At unknown oblique angle, A1LA3, o” 


known lengths 





unstrained region below the line BB’ into the 
region of homogeneous strain above BB’. 
Volume change is zero. Determine the magni- 
tudes and locations of the principal strain axes 
referred to both strained and unstrained 
regions. Assume that all shearing occurred in 
the plane of the sketch, and that BB’ is of un- 
changed length. 

This is a problem of simple shear. The 
quantity S = cot 62 — cot 6;, which equals 
0.48. This is all that is necessary to construct 
the Mohr diagrams for the strained and un- 
strained states, noting that BB’ is a line of un- 
changed length and from the zero volume 
change that AyAeA3 = I, as all the strain is in 
one plane, A2 = 1, and hence A;A3 = 1. The 
points (1,0.48) are laid off and the circle drawn 
so that M1 i /n3. 


cause principal strains have been rotated during 
deformation; in Figure 13c principal strains 
represented by the short line pairs do not have 
the same orientation in strained and unstrained 
states. The amount of rotation cannot be ob- 
tained from the Mohr diagram but follows here 
from the statement of the problem. 

EXAMPLE 2: Beds of sandstone contain cross- 
bedding and worm tubes which have been 
sheared as a result of folding. Figure 14a shows 
the folded beds as seen in a joint face normal 
to fold axes. There is no distortion parallel with 
fold axes, and volume change is assumed to be 
zero. Find the strain axes. 

The angle of repose of the material in the 
cross-bedding is assumed to be 25°; the effect 
of an uncertainty of 5° is investigated below. 
As the worm tubes were normal to bedding, 
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Figure 13. Sheared crystal. A section parallel to 
the direction of slip is shown in (a). Material 
below the line BB’ is unstrained, that above 
strained in such a way that the extension of the 
line AB moves to BC. The Mohr diagrams for 
this strain are constructed in (b). The orienta- 
tion of principal strains deduced from the Mohr 
diagrams is shown in (c) by the heavy pairs of 
lines. Note that the directions of principal 
strains in strained (upper) and unstrained (lower) 
states in (c) are different, for this is not pure 
strain. 


there are then three directions whose strained 
and unstrained relative orientations are known 
(Fig. 14c,b). Using the method given in the 
previous section we find the strain components 
of the originally perpendicular line pair, the 
bedding, a, and worm tubes, 2: 


y = tan 20° = 0.364 


wn (8) (2) 
ab’ b'a 
sin 52° a 
= (Be tan 25°) = 0.188 
C = 70°. 
Using equation (11) 
sin 140° 


Oe ne ae 
Oat Ne ae er SP 
= 66° 


70-66 = 4°. 


S 
ll 


These results in equation (12) give 
A3 
— = tan 4° tan 66° 
M 


= 0.16. 


The volume change was assumed to be zero; 
hence, AyA2A3 = 1, and the intermediate 
principal strain was assumed to be zero. 
Hence, 


A1A3 = IL. 
From this, 
\y = 2.5, Ag = 0.4. 


The principal strains are oriented as shown ip 
Figure 14a, based on the angle $1’ measured 
from the Mohr circle. 

The effect of assuming that the angle of te 
pose was 30° instead of 25° gives principal 
strains 


Ay = 2.1 and Ag = 0.48. 


The angle $1’ changes by about 2°. This differ 
ence in result is certainly within the anticipated 
accuracy of the methods discussed here. 


SUMMARY AND CONCLUSIONS 


A method is developed for finding principal 
finite strains in deformed rocks from features 
which are of such a scale that they are included 
within regions of homogeneous strain. The 
question of whether this measured strain is 
total strain is not discussed, nor is the mapping 
of strain fields in particular structures. Finite 
homogeneous strain theory is applied to the 
analysis of strain with the help of a construction 
similar to the Mohr diagram for stress. Strainis 
purely a geometric property, and the use of the 
strain ellipsoid and its properties in strain 
analysis implies nothing about isotropy ot 
homogeneity of the rocks involved or about 
the stress-strain relation during deformation. 

The immediate purpose of strain analysis in 
geology is determination of principal strain 
and volume change from individual n:easured 
components. The most suitable strain compe 
nents appear to be the quadratic elongation, }, 
and unit shear, 7, as defined by Nadai (1950). 
Apart from being easily measurable and simply 
related to the general strain and the infrr 
itesimal strain tensors, \ and y can be used in 
a Mohr diagram. This enables various proper 
ties of finite strain to be easily visualized and 
also greatly simplifies certain geologic problems 
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SUMMARY AND CONCLUSIONS 


Finite strain can be described by means of two 
Mohr diagrams for the strained and for the un- 
strained states, which replace the single Mohr 
diagram used for infinitesimal strain. 

A general three-dimensional strain in many 
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Figure 14. Deformed cross-lamination and worm 
tubes. Deformed cross-bedding and worm tubes 
(a), with bedding, give three directions of known 
original relative orientation (b). In the deformed 
state the three directions have the relative 
orientation shown in (c). The orientation of prin- 
cipal planes as determined in the text is shown 
by the heavy pair of lines in (a). 


instances can be regarded as separate two- 
dimensional strains. Geological features from 
which strain can be measured are grouped ac- 
cording to original shape as circular (including 
spherical and cylindrical) and noncircular. The 
former include odids, spherical pebbles, crinoid 
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columnals, certain algal structures, vesicles, 
clay balls, and some concretions. Local princi- 
pal strains are found at once from the axes of 
ellipse or ellipsoid. The three principal strains 
or strain ratios are determinable, and for the 
former the volume change can be found. If 
volume change is assumed principal strains can 
be found from principal strain ratios. 

Noncircular features include fossils (skele- 
tons, bivalves, worm burrows, graptolites, and 
certain algal structures) and primary sedi- 
mentary structures (ripple mark, cross-lamina- 
tion, mud cracks, groove-cast, load-cast, con- 
volute bedding, and scour-and-fill), in which 
the common feature is two or more identifiable 
directions of known original relative orienta- 
tion. In noncirculai features \ and ¥ are usually 
measured, although less commonly ¥ or ) alone. 
Owing to the definition of y, it can only be 
measured if the noncircular feature is in a 
principal plane of the strain. This is incon- 
venient because it presupposes that principal 
planes can be recognized beforehand. This is 
done most simply by noting originally perpen- 
dicular linear elements which have remained 
perpendicular during strain. 

The three principal strains of a general state 
of strain can be found by the methods given 
here only if strained features are present that 
lie in principal planes of the strain. This re- 
striction does not apply to originally spherical 
features. 

Several general conclusions regarding strain 
analysis in geology are: 

(1) In addition to odids, spherical pebbles, 
and crinoid sections, a large group of fossil 
remains and impressions and primary sedi- 
mentary structures are available for strain 
measurement. 

(2) Use of the Mohr diagrams and strain 
components introduced by Nadai (1950) and 
illustrated here should solve the problem of 
visualization of the properties of finite homo- 
geneous strain and make possible the easy solu- 
tion of many geologic problems, some of which 
require trial and error (and hence are very 
tedious analytically). 

(3) The most useful features at present ap- 
pear to be those originally spherical or disc- 
shaped and those single linear features in which 
extension can be measured. Next most useful 
are groups of three linear elements of known 
original orientation, and least useful are origi- 
nally perpendicular line elements. 

(4) Under ideal but rather rare conditions, 
volume change can be determined. 
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(5) The minimum number of a prioriassump- of the strain ellipsoid need to be made. 
tions needed to solve a strain problem depend (6) Accuracy of measurement of strain and 
on the specific problem and on the kinds of volume change possible is probably in keepi 
strained features available. Unless independent _ with typical geologic measurement of attitude 
estimate of volume change is made the magni- _ or of fault displacement. Strain is a much mor 
tudes of three principal strains probably will be — precise measure of the flow of rock than the 
obtained only in rare situations. In some in- usual visual estimate of thickening and thin. 
stances it may be necessary to estimate the ning. Although strain measurement is a littl 
direction and magnitude of one of the strain known technique in geology and requires subtk 
axes independently of the strained feature. and imaginative use of minor structures com- 
This can be done, with varying degrees of bined with skill in manipulation of finite strain 
certainty, from the gross symmetry of the theory, its study seems warranted. Strain is the 
deformed rocks or from the character of fault most fundamental way of describing deform: 
movements but can probably be avoided, when _ tion, and from knowledge of strain in varioy 
the appropriate strained features are available, geologic structures it should be possible to re 
by use of methods of three-dimensional analysis construct their formation more accurately than 
beyond the scope of this study. In general no is now possible. 
other assumptions about shape or orientation 
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AppENDIxX |. OrHER STRAIN COMPONENTS 


The principal extensions of infinitesimal strain 
theory, ¢1, €2, e3 (Jaeger, 1956, p. 47), have the 
physical meaning of a change in length per unit 
length. As with the quadratic elongations, e; is the 
maximum extension, é¢2 the intermediate, and e3 
the least extension. The relation between the 
principal strains of infinitesimal strain theory and 
the principal quadratic elongations is given by 


1 = (1 + 41)? 
Ao = (1 + e2)° 
Ag = (1 + es)”. 


The unsuitability of several finite strain compo- 
nents for geologic problems might be noted. The 
large strain tensor of Coker and Filon (1957, p. 188) 
is referred to any convenient set of orthogonal axes 
in the strained state. These axes, in view of defini- 


AppENpDIxX 2. MEANING OF UNit SHEAR 


The unit shear, y, has a simple and very useful 
interpretation for a pair of originally perpendicular 
lines which lie in a principal plane of strain. 

The lines OP and OR (Fig. 15a) are perpendicular 
in the unstrained state and lie in the \1A3 plane. 
The direction cosines of OP and OR are a},a2,43 


/ 


| q,d 


is ba, 





(a) 


Figure 15. Meaning of ¥ in a principal plane. A unit sphere (a) is deformed into 
an ellipsoid (b), of which the principal plane of A; and Ag is shown. 


and 41,42,43, respectively. After strain the lines are 
located at OP’ and OR’ (Fig. 15b) and have direc- 
tion cosines @1',@2’,a3’ and 64',b9',b3'; after strain 
OP’ and OR’ are no longer perpendicular but are 
at an angle (90 — y) with one another. The tangent 
planes to the strain ellipsoid for OP’ and OR’ are 
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tion (7) of finite homogeneous strain, are py 
orthogonal before strain. Off-diagonal terms of th 
tensor contain @zy’, 02;’, and @,;’, which are ¢ 
angles between these axes before strain and whi 
in general would not be known. Thus all the comp, 
nents of the tensor could not be written, ap 
principal strains could not be found. 

The finite strain tensor of Love (1944, p. 60) § 
referred to any set of orthogonal axes in the w. 
strained state. Although this may appear to 
convenient in certain geologic problems magnitug, 
of the principal strains is all that can be determined 
Direction of strain axes cannot be found, becauy 
the absolute orientation of the orthogonal axes: 
the unstrained state is not known, and principd 
strains will be referred to these. 


Tp and TR. The direction cosines of the norma 
to the tangent planes are @y’’,a2’’,a3’’ and by", 
b'’,b3'', respectively. By definition the unit she 
of OP is tan Wa, and the unit shear of OR is ty 
Ys. The quadratic elongation of OP is Xa, and th: 
quadratic elongation of OR is 3. 
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Two results of Jaeger (1956, p. 36) are useful 
The equation of the tangent plane for a point such 
as P’ is (Jaeger’s equation 13), in our notation, 
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where \1,A2,Ag are the principal strains. The direc- 
tion cosines of OP’ are given by (Jaeger’s equation 


terms of thi!6): 
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sts aa! > ax 4) Mas '= 43 ».() 


The lines a and OR are perpendicular in the 
unstrained state. Hence, 
aby + aob2 + az3b3 = 0 
and, as We are in the x,%x3 plane, “a = bo 
aby + a3b3 = c 
We can now show that OR’ is ti with the 
tangent plane Tp. Using equation (a), the direction 
cosines 41", 42’, a3’’ of the normal to the tangent 
plane T'p are proportional to a1/Vd , 0/Vd2, 
4;/'V 0. Therefore we have 


= 0 and 


a _ 41. [A3 
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and, using equation ©. 
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on 
a by [Rs 
a3" AVA 


The direction cosines },’, be’, 53’ are given from 


equation (b) by 


Al 3 
b ‘= b hs by’ = 0, b ‘= b: acer” 
‘ me fi ? A 


Therefore, 


a," a, on, Ps oe b3' 
a3" dN by’ 


which can be rewritten as 
ay"'by’ + a3''b3' = 
This is the condition that OR’ be parallel with 
T p. By a similar analysis OP’ is parallel with Tr. 
Therefore, 
=y=y¥ 
and the unit shear ‘of both lines is the same and 
equal to tan y where (90 — y) is the angle between 
OP’ and OR’. 
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HOLLIS D. HEDBERG Dept. Geology, Princeton University, Princeton, N. J. 


Stratigraphic Classification of 


Coals and Coal-Bearing Sediments 


Abstract: Coal beds are normal lithologic com- 
ponents of numerous stratigraphic sequences of 
sedimentary rock and therefore should be amenable 
to the same basic principles of lithostratigraphic 
classification and terminology as other common 
sedimentary-rock types. However, because of the 
distinctive lithologic character of coal and its com- 
mercial value, the individual bed of coal is particu- 
larly important and serves to point up the role of 
bed asa tormal lithostratigraphic unit. Sequences of 


several distinct but associated coal beds may consti- 
tute the basis for unification of strata into larger 
formally named coal-bearing _lithostratigraphic 
units of the rank of member, formation, or group. 

The general principles of lithostratigraphic classi- 
fication and terminology are reviewed with par- 
ticular reference to coals and coal-bearing strata, 
and hypothetical situations are diagrammatically 
illustrated to show the application of these princi- 
ples. 





The writer was asked to discuss the applica- 
tion of principles of stratigraphic classification 
and terminology specifically to coals and coal- 
bearing sediments in connection with the sym- 
posium on coal stratigraphy at the annual meet- 
ing of The Geological Society of America in 
Pittsburgh in 1959. Since coal beds are common 
and normal components of many stratigraphic 
sequences, they should be amenable to the same 
basic principles of stratigraphic classification 
and terminology as other common types of 
sedimentary rock. Therefore this discussion of 
the stratigraphic classification of coals is largely 
applicable also to sandstones, limestones, and 
other lithologic types. 

Stratigraphic classification is the systematic 
wnation of rock strata with reference to any 
of the many different properties or attributes 
which rock strata may possess. Stratigraphic 
classification differs from purely lithic, petro- 
graphic, mineralogic, or paleontologic classifi- 
cation in that it deals with rocks as strata of the 
earth's crust—layers of rock characterized by 
certain unifying properties or attributes distin- 
guishing them from adjacent layers. It is thus a 
classification of rocks as they make up the 
natural sequence of strata in the earth’s crust, 
not a classification of rocks as laboratory speci- 
mens, 

There are many different kinds of strati- 
graphic classification depending on the many 
diferent characteristics of rock strata which 
may come under consideration. We are con- 
cemed here principally with /ithostratigraphic 





classification—the organization of rock strata, 
in natural sequence, into units which may be 
differentiated by their Lithologic character, in 
this particular case by their composition as coal 
or coal-bearing strata. 

Because the many different lithologic types 
(e.g., sandstone, shale, limestone, coal), com- 
monly intergrade in various degrees in nature, 
and because the beds formed by these lithologic 
types and their intergradations commonly are 
intricately interstratified and interfingered, 
lithostratigraphic classification is by no means 
always a clear-cut and exact procedure. On the 
contrary, it may vary considerably with varia- 
tions in individual judgment. Probably the 
closest approach to a definite, objective, and 
unequivocal lithostratigraphic classification of 
any rock sequence might be achieved by ac- 
cepting as the basic unit nothing larger than 
the individual rock stratum or bed, and even 
this only for the extent through which this 
stratum conforms to a defined lithologic type. 
However, the recognition and naming of every 
stratum individually would result in such an 
overwhelming multitude of named units as to 
defeat the practical purposes of lithostrati- 
graphic classification. Consequently, in practice, 
we limit the designation of individual beds as 
formal! lithostratigraphic units to certain dis- 
tinctive beds whose recognition by name has 


1A formal unit is one that is defined and named in 
accordance with the rules of an established or conven- 
tional system of classification and nomenclature. 


Geological Society of America Bulletin, v. 72, p. 1081-1088, 2 figs., July 1961 
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appeared to be particularly useful. Thus we may 
speak of the Gardner Limestone Bed or the 
Plummer Coal Bed, each. referable to a desig- 
nated type section or exposure of a single bed of 
a certain lithologic type, and these are then 
lithostratigraphic units whose meaning is clear 
and relatively incontrovertible and on whose 
limits and extent in continuous exposure all 
workers closely agree. The ded, therefore, con- 
stitutes the smallest, and at the same time the 
most sound, lithostratigraphic unit to which a 
formal name may be attached. 

A bed which has been given a formal name 
should be designated by this name everywhere 
throughout its continuous development and 
also in detached occurrences where these are 
due to only very local lateral interruptions in 
original sedimentation, or where the existing 
interruption in continuity is due to only ero- 
sional cutout or tectonic separation of an orig- 
inally continuous bed. Where two or more beds 
of essentially identical lithology follow in such 
close sequence as to constitute a unit in them- 
selves, the singular “‘bed’’ may be appropri- 
ately replaced by the plural ‘‘beds’ in the 
formal name. 

The term ‘‘bed,” in its formal sense as a 
named lithostratigraphic unit, is commonly 
used only for particularly distinctive or im- 
portant beds; there is no need to name indi- 
vidually all other intervening or associated beds. 
The classification of a stratigraphic section in 
terms of formally named beds is therefore usu- 
ally an incomplete classification with many 
parts of the section left unnamed. However, it 
is quite obvious, and particularly in coal-bear- 
ing regions, that individual beds may consti- 
tute some of the most useful and important of 
all lithostratigraphic units. 

In addition to the need for recognition of in- 
dividual beds, there is need also for a system of 
lithostratigraphic classification to express the 
larger aspects of the lithology of the whole 
stratigraphic column of a region in a more gen- 
eral but more comprehensive manner than that 
based solely on identification of individual dis- 
tinctive beds. The ultimate goal of this en- 
deavor may be looked upon ideally as the wrap- 
ping up, in place, of the strata of the earth’s 
crust in a limited number of neat and appro- 
priately labeled packages, each unified by gen- 
erally similar lithology. The package unit of 
this gross lithostratigraphy is the formation, and 
this is the fundamental unit of lithostrati- 
graphic classification in the sense that only at 
formation rank is the attempt made to divide 
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the whole stratigraphic column the world oyg 
into named units on the basis of lithology, 

A formation may be defined as a body of rodffti 
strata which is unified with respect to adjacg 
strata by consisting dominantly of a certain dg, 
tinctive lithologic type or combination of lith 
logic types or by possessing other imprestiy 
and unifying lithologic features. This js, 
rather loose and elastic definition, but, unfy. 
tunately for purists in stratigraphic classific, 
tion, the earth’s strata were not laid downy. 
cording to any very simple or systematic ph 
with respect to lithology. Instead we find a} 
extremely complex situation of alternations nj 
intergradations of different lithologic typ 
such that a variety of choices may be offerediy 
the selection of formations and their bound. 
aries. The guiding principles on which we mug 
rely are that formational units should be basd 
primarily on gross lithology and that they 
should be chosen to express most usefully th 
general lithologic development of the area q 
region under consideration. 

When we go from the detail of individul 
beds to the larger scale of formational units, we 
inevitably lose in precision as we gain in 
breadth of scope. An exact and consisten 
scheme of classification into formations is 4 
once defeated by the fact that many units mus 
be delimited not by the extent of a body offi 
single lithologic type, but by the extent of: 
body in which a certain lithology is dominan. 
We may agree that a unit should be based « 
the dominance of some certain lithology, but 
we may not agree on what constitutes dom 
inance. To one geologist the sandstone occur 
rences in a certain section of altérnating sand 
stone, shale, and coal may seem to be the bes 
controlling factor in subdivision, another g 
ologist may be more impressed by variationsis 
the kind of shale represented, and a third ge 
ologist may prefer to base his subdivisions a 
the distribution of coal beds. It would be a rar 
coincidence for the distribution of the thre 
lithologic types to be such as to lead to entire 
uniform conclusions on lithostratigraphic sub 
division. 

Other common inconsistencies in existif 
named formations result from the fact thi 
many were established under older or differet 
concepts of the meaning of a formation, ail 
many were established on the basis of incott 
plete and sometimes misleading informatio 
Here we come to the matter of priority. I 
order to avoid chaos it has appeared desirab 
to give substantial weight to the first ¢ 





hology, bu 
tutes don 
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diquately defined and published designation of a 


formation. However, priority should not be en- 


Mrirely sacrosanct, and if it becomes obviously to 


seneral advantage to amend formational bound- 


fries or even to replace an earlier scheme of 


formational classification, the way should be 


" open to do so. Many of the formations pres- 


ently recognized in coal-bearing sequences are 


not only very poorly defined but also lacking in 


distinctive lithologic unity. 
The inexactness and susceptibility to diver- 


iB gence in interpretation inherent in the defini- 
Mtion of units based on gross lithology make it 


particularly desirable, where possible, that a 
formation or any other lithostratigraphic unit 
be based on a specifically designated and de- 
limited type or reference section of rock strata. 
The difficulty of communicating in words ef- 
fectively to others an unequivocal picture of 


yg the features on which a unit is based is a further 


reason for recourse to standard reference sec- 
tions of rocks as the ultimate source of defini- 
tion for a stratigraphic unit. Once a type or 
standard of reference has been established the 
unit can then be extended away from it as far 
as the definitive lithologic features on which it 
was originally based continue, and any number 
of workers can always return to a common 
starting place to iron out individual differences 
in opinion and interpretation. 

The name of a formation (or any other litho- 
stratigraphic unit) should be formed preferably 
from the name of an appropriate local geo- 
graphic feature, combined either with the 
name of the dominant rock type of which the 


‘Bunit is composed or the unit term or both— 


eg, Martinsburg Shale, Martinsburg Shale 
Formation, Catskill Formation. Nongeographic 
vernacular names have, through long usage, be- 
come established for certain older lithostrati- 
graphic units (including many coal beds), and 
where it is clear to what unit they apply I see 
little point in replacing them by new and un- 
familiar names just to accord with conventional 
rules for the naming of new units. Where two 
units, A and B, are intergradational laterally or 
vertically it may be impossible to assign the 
rocks at certain intermediate points with as- 
surance to either one, and such rocks may be 
referred to as belonging to the A-B Unit (A 


anil hyphen B). 


While formations are the only named litho- 
stratigraphic units into which we attempt to 


divide the whole known stratigraphic rock se- 


quence, we do have occasional use for larger 
units, groups, which consist of two or more 
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adjacent formations with important lithologic 
features in common, and for smaller units, 
members, which are units within formations 
which it has become useful to recognize be- 
cause they possess lithologic characters limited 
to certain parts of the formations. Both groups 
and members are purely lithostratigraphic 
units, and the rules of definition discussed for 
formations are largely applicable to them also. 
The group may be looked upon as a number of 
formational packages tied together because of 
having important features in common, whereas 
the member may be looked on as a special part 
of the contents of a formational package which 
has been put in a separate envelope but is still 
wrapped up within its parent package. Both 
group and member are used only if there is 
special need for them. Formations do not have 
to be aggregated into groups unless there is 
special utility in so doing, and a formation need 
not be divided into members unless it is useful 
to call attention to some particular unified 
lithologic development within the formation. 
Some formations may be divided completely 
into members; others may have only certain 
parts designated as members; still others may 
have no members. Just as an individual bed 
may extend from one formation to another, so 
also it is conceivable, though not usual, that an 
individual member established in one forma- 
tion may also extend into and even through 
another formation. (See Figure 2.) The terms 
tongue and lentil have been used frequently as 
independent lithostratigraphic rank terms, but 
more correctly they are only specially shaped 
forms of members (or of formations). 

The distinction between the terms ‘‘bed,”’ 
‘‘beds,” and ‘‘member,’’ when used with a 
proper name to designate a formal lithostrati- 
graphic unit, cannot be expressed rigidly. In 
general, “‘bed”’ should be used only to refer to 
a single bed of a single lithologic type. The 
term ‘‘beds” is appropriate for several very 
closely associated beds all of the same lithologic 
type and with at most only very minor separa- 
tions of other lithologic types. The term ‘‘mem- 
ber” may be applied to a single bed or to many 
associated beds, but in either case it is usually 
reserved for a lithologically unified unit which 
constitutes a substantial or otherwise significant 





part of a formation. Like a formation, a mem- 
ber must be unified with respect to adjacent 
strata by consisting dominantly of a certain 
distinctive lithologic type or combination of 
lithologic types or by possessing other impres- 
sive and unifying lithologic features. All litho- 
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stratigraphic units, formations and groups as 
well as members, are composed of beds or 
layers, but only certain distinctive or important 
beds are formally named. A single bed may 
conceivably constitute a member or even a 
whole formation and be named as a member or 
a formation and not as a bed, if its wide extent, 
thickness, important economic status, or other 
outstanding features make it sufficiently im- 
portant for such designation. 
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details of desirable usage and nomenclature, 
lithostratigraphic units. Many of these hay 
been covered in the report of the Americg 
Commission on Stratigraphic Nomenclaty 
(Cohee e7# a/., 1956) and in other publication 
While there is not complete agreement on 
points, there is a substantial and growing boj 
of generally accepted procedural rules thy 
should serve as a valuable guide to establig 
ment or possible revision of the lithostraj 
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It is usually desirable to employ precise and _ graphic classification and terminology of coal} merc 
formal lithostratigraphic terminology if pos- bearing strata as well as other rock sequences. § are « 
sible, but under certain circumstances there is With this preface on general lithostratr§ op, 
either no need for such precision or formality, graphic classification, let us now turn to certait§ conf 
or the data available may be insufficient to — specific examples of the lithostratigraphic clas § oy, . 
justify it. An informal terminology may then _ sification of coals and coal-bearing sediments § tion: 
be adequate and much easier and less cramping _Let us start with a hypothetical case (Fig. -§ 
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general stratigraphic sense to indicate any layer near a town called Baker. We find that thi § (,) 
or series of layers characterized by some prop- coal is present over a considerable area in the pat, 
erty, action, or content. In the field of coal vicinity of Baker, and we properly name it the§ pam, 
stratigraphy the expression ‘‘coal-bearing zone” Baker Coal Bed, designating as a type section (,] 
is common and may be useful for general in- a specific exposure in the vicinity of Bake Hy, 
formal reference to any stratigraphic interval (Fig. 1, box 1). Thus far, this is simple enough, § \oca] 
whose coal-bearing character the worker wishes _ but now what might commonly happen toou§ 7, 
Baker Coal Bed as it is traced away from if Bak, 
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he nomenclatural problems involved in such 
hanges as may occur? 

Within the Baker area, we find that the coal 
bed thins locally to 3 inches (Fig. 1, box 2) and 
thickens locally to 4 feet (Fig. 1, box 3). It can 
be traced continuously between these points, 
and obviously it is still the Baker Coal Bed 
regardless of its thickness. However, going east- 
ward in the Baker area (Fig. 1, box 4) we find 
that the coal consists of two or more contiguous 
beds or layers separated only by bedding planes. 
It is still the Baker Coal, although here we may 
perhaps more properly speak of the Baker Coal 
Beds (plural). Traced still farther east (Fig. 1, 
boxes 5, 6) the Baker Coal splits. A shale layer 
a few inches thick begins to develop between 
the two coal beds. This shale is relatively minor 
in thickness, and, since it is a much less dis- 
tinctive lithologic type than the coal, we would 
probably still speak of the whole interval in 
formal nomenclature as the Baker Coal Beds. 
However, we might now find it useful to refer 
informally to an upper bed of the Baker Coal 
and a lower bed of the Baker Coal. Still farther 
eastward (Fig. 1, box 7) the Baker Coal might 
become even further subdivided by shale inter- 
calations. As long as we are confident that it 
was originally continuous with the type Baker 
Coal we would still be justified in referring to 
the whole interval as the Baker Coal Beds. 
However, if it were important to recognize the 
individual coal units, we might designate them 
informally from bottom to top as Beds A, B, 
C,and D of the Baker Coal or as Beds 1, 2, 3, 
and 4 of the Baker Coal, or as the First, 
Second, Third, and Fourth Baker Coal Beds. 
Such informal lettering or numbering systems, 
or the use of upper, middle, and lower, appear 
necessary where detail is important, as for com- 
mercial reasons, although once such schemes 
ae started, Nature usually accepts our effort 
only as a challenge to show how easily she can 
confound us with complexities resulting from 
our attempts at simplification and systematiza- 
tion,” 

New coal beds coming into the section in 
this eastern area distinctly above the Baker 
Coal (Fig. 1, box 8) or distinctly below the 
Baker Coal (Fig. 1, box 9) should be given new 
names, preferably geographic, such as Hunter 
Coal Bed from the type locality at the town of 
Hunter, and Fisher Coal Bed from the type 
locality at the town of Fisher. 

Traced to the west (Fig. 1, box 10), the 
Baker Coal Bed grades out entirely into a shale. 
This shale is highly carbonaceous and clearly 
























STRATIGRAPHIC CLASSIFICATION 


1085 


correlative in stratigraphic position with the 
Baker Coal Bed, but beyond that point at 
which no part of it, in our judgment, is litho- 
logically a coal, the name Baker Coal Bed can 
no longer be properly applied. The shale is 
either left unnamed, is referred to as the shale 
equivalent of the Baker Coal, or is given a 
special name as a shale unit, depending on how 
useful it is to identify this particular shale. (If 
it is to be given a name, it is preferable not to 
call it the Baker Shale, although this is com- 
monly done, and there is a great temptation to 
do so. The use of the same geographic name for 
more than one lithologic unit is likely to result 
in confusion.) Traced a short distance farther 
west (Fig. 1, box 11), the horizon of the Baker 
Coal Bed which has been occupied by a thin 
carbonaceous shale again becomes a true coal. 
Here again nomenclature becomes a matter of 
judgment. If the correlation in stratigraphic 
position of the western coal with the Baker 
Coal is definite and the distance of separation 
is relatively small, it would be desirable to re- 
tain the name of Baker Coal for this western 
coal. On the other hand, if there is doubt that 
the western coal correlates exactly with the 
Baker Coal, or if the lateral separation between 
the two is great, it is far better to give the 
western coal a mew name, referenced by a new 
type section. Thus (Fig. 1, box 12), a coal bed 
coming in to the west of the Baker Coal Bed, 
but believed to be slightly higher in the sec- 
tion, should not be called the Baker Coal Bed 





* Question might be raised as to procedure if, for in- 
stance, the B Bed of the Baker Coal had been the first 
unit in this whole coal-bed assemblage to be named 
formally and had itself originally been given the name 
of Baker Coal Bed. What name should then have been 
applied to the combined unit farther west, later, after 
the relation of the B Bed to it had been determined? I 
would say that the combined unit could still appro- 
priately be called the Baker Coal Bed, although it would 
be desirable that the description (and reference sections) 
of the Baker Coal Bed be amplified accordingly. The 
other individual coal beds above and below the B Bed (A 
Bed, C Bed, and D Bed) might have been given dis- 
tinct and independent names had they been identified 
before their relation to the B Bed was determined, in 
which case these independent names might be retained 
for the separate beds, although superseded by the name, 
Baker, for the composite unit. If these other beds had 
been named only after their relation to the B Bed had 
been determined, they might appropriately have been 
given some sort of subtitles under the Baker Coal Bed 
as at present. Several alternatives are possible; but the 
goal should always be the attainment of maximum ul- 
timate utility. 
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and should either be left unnamed or given a 
new name. 

Reference has previously been made to the 
occasional need for the informal term ‘‘zone”’ 
to refer to any interval for which it is desirable 
to emphasize a certain character. Thus, even 
though no formal terminology had been estab- 
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other coal beds). These coal beds togethy 


characterize a certain portion of the Tange 


Formation, well represented near the towng 
Taylor. It is thus proper and useful to regg 
nize in this area a Taylor Member or Taylg 
Coal Member of the Tanner Formation whid 
consists of that part of the Tanner Formatiq 
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is only a small part. (In order to bring out As shown in Figure 2, the Tanner Formation sme 
lateral lithologic variations better, the vertical grades eastward into a dominantly limeston trace 
scale of the diagram is exaggerated 100 times. and shale formation known as the Potter Forgf its ¢: 
Names of hypothetical geographical localities mation which is quite different from the sant the ( 
are indicated at the top of the figure.) stone and shale lithology of the Tanner Form relat 
Figure 2 shows that the Baker Coal Beds of tion. The Baker Coal Bed, known original ident 
Figure | are only part of a much larger shale- from within the Tanner Formation, may bf fined 
sandstone-coal unit known as the Tanner For- traced continuously from its type section eas Prov 
mation, Eastward from the Baker locality other — ward into the Potter Formation. It is still tg sme 
same Baker Coal Bed, and there would be litt retai 


coals come into the section just above and just 
below the Baker Coal Bed (Hunter, Fisher, and 
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‘is now found in a different formation. Other 
sociated coals which formed the basis for 
recognition of the Taylor Coal Member of the 
Tanner Formation also extend into the Potter 
Formation. Here again there would seem to be 
little point in giving the Taylor Coal Member 
4 new name to the east just because it pene- 
trated the Potter Formation. Instead, depend- 
ing on the extent eastward of the Taylor coals, 
the Taylor Coal Member might be considered 
asa tongue of the Tanner Formation extending 
into the Potter Formation, or it might be con- 
sidered as a member of both the Tanner and 
the Potter formations, just as the Baker Coal 
Bed belongs to both. This becomes a matter of 
judgment as to how the lithologic constitution 
of the region can be best expressed. Another 
posibility would be to raise the Taylor Coal 
Member to the rank of a formation and call it 
the Taylor Formation. This latter procedure 
would, however, create the rather awkward 
situation of having the Taylor Formation both 
overlain and underlain by both the Tanner and 
the Potter formations, or else having to name 
and define new formations constituting either 
the upper or lower parts of both the Potter and 
the Tanner formations. Whatever the pro- 
cedure used, lithologic constitution should 
usually take precedence over geometry of as- 
sociation as the basis for lithostratigraphic 
division and terminology. 

Discontinuous coal beds at the exact horizon 
of the Baker Coal Beds (Fig. 2) extend west- 
ward through the Tanner Formation and into 
the sandstone-conglomerate Butcher Forma- 
tion. Assuming that there is little lateral 
separation between these coal lenses and that 
their essential identity with the type Baker 
Coal is assured, for instance, by the continuity 
ofahighly carbonaceous shale stratum connect- 
ing them, it is then legitimate to refer them to 
the Baker Coal Bed even though they pene- 
trate the Butcher Formation. On the other 
hand, the Carter Coal Bed at the extreme west 
side of Figure 2, although very nearly at the 
same horizon as the Baker Coal, still cannot be 
traced into the Baker Coal nor proved to be 
its exact stratigraphic equivalent. Therefore, 
the Carter, while approximately the time cor- 
relative of the Baker, is not known to be 
identical with it and should be named and de- 
fined as a separate unit. If it should later be 
proved that the Carter and the Baker are the 
same bed, only one of the two names should be 
retained—usually the one first proposed, if it 
appears equally appropriate. 
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There are of course numerous complexities 
of coal stratigraphic classification and termi- 
nology which are not brought out in the two 
simple diagrams shown here. Erosional cutouts 
and structural deformations produce many 
nomenclatural problems. I am sure that there 
are coal beds that zigzag in a vertical plane just 
as there are sandstones that do so. There may 
even be corkscrew coal beds for all I know, and, 
if there are, we can do no more than attempt 
to represent their physical occurrence as ac- 
curately and as objectively as possible in our 
terminology. It should be remembered that in 
lithostratigraphic classification we deal with 
purely physical forms of a certain lithologic 
constitution, which may frequently coincide 
with time horizons but need not necessarily do 
so. From the lithostratigraphic viewpoint we 
can only describe and designate them as ob- 
served forms of more or less unified lithology, 
leaving their time or environmental significance 
to other more interpretative studies. 

From the hypothetical situations of Figures 
1 and 2, I had planned to go to the considera- 
tion of a number of actual examples of litho- 
stratigraphic classification in coal-bearing se- 
quences. I started with the Pennsylvanian and 
Permian rocks of western Pennsylvania. I 
stopped there, too. Only a glance at the ex- 
cellent guidebook prepared for field trips as- 
sociated with the Pittsburgh meeting of The 
Geological Society of America (Carter, 1959) 
is sufficient to convince anyone that uniformity 
in stratigraphic classification does not yet exist 
and that the major stratigraphic units recog- 
nized here and referred to variously as series, 
groups, formations, and members are for the 
most part only arbitrarily defined intervals of 
strata bounded by the more persistently trace- 
able marker beds of the section, and that, if 
anything, many of them are economic units or 
time-stratigraphic units rather than units dis- 
tinguished on the basis of gross lithology. 

I have touched here only on the more purely 
lithostratigraphic aspects of coal beds and coal- 
bearing strata, and I regret that space does not 
permit going into the equally important role 
of coal beds in biostratigraphic, chronostrati- 
graphic, cyclothemic, and ecostratigraphic clas- 
sification. However, I do wish to emphasize 
again the particular importance of coals as 
marker beds or key beds in correlation. Be- 
cause coal beds are distinctive in appearance 
and prominently manifested, not only in out- 
crops but also in cores and cuttings from well 
bores and as resistive peaks on electrical logs, 











































they point up signally the importance of the 
bed both as a formal lithostratigraphic unit and 
asa lithostratigraphic aid to chronostratigraphic 
and ecostratigraphic classification. 

Finally, let me repeat that stratigraphic clas- 
sification and stratigraphic terminology should 
be only our tools in working out and putting 
into usable form our knowledge of the strati- 
graphic constitution of a region. They should be 
our servants and should not be our masters. Our 
aim should be to represent as nearly as possible 
the true situation with respect to the strati- 
graphic feature we are trying to classify, and 
this aim should not be sacrificed to attain a nice 
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and tidy but artificial classification and te 
minology. The recognition of certain rules q 
be very helpful in clarifying communicatig, 
and preventing misunderstanding, but the a 
plication of these rules should always be te. 
pered with common sense and a realization thy 
these are the means to an end and not the ey 
itself. 
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Abstract: At 51 outcrops of the eolian Botucatt 
sandstone (Early Mesozoic) in Brazil and Uruguay 
the writers made 2892 measurements. A new in- 
strument for making these measurements has been 
designed and constructed and is thought to pro- 
vide accurate data more rapidly than present 
methods. 

Two wind trends have been detected in the 
Botucati sandstone. The southern outcrops indi- 
cate deposition by winds which blew mainly from 
the west or west-southwest; the northern outcrops 
indicate deposition by a prevailing wind blowing 
from the north or north-northeast. 
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Early Mesozoic Wind Patterns as 
Suggested by Dune Bedding in the 
Botucatu Sandstone of Brazil and Uruguay 


Orientation of cross-bedding in the Botucatié 
sandstone suggests that most of this sand was de- 
posited in the trade-wind belt, on the assumption 
that the wind belts have been a general feature 
throughout geological time. In some respects, the 
position of present-day high- and low-pressure areas 
in South America and vicinity are believed com- 
parable to those existing in Triassic time. Early 
Mesozoic wind patterns and pressure belts, as de- 
termined from eolian cross-bedding dip directions, 
are in agreement with the paleomagnetic results 
reported by Creer. 
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METHOD OF MEASUREMENT 


Introduction 


This paper deals with cross-bedding measure- 
ments in the eastern outcrops of the Botucati 
sandstone of Triassic age, and interpretation of 
the Triassic paleowind circulation in South 
America. 

The desirability of simplifying the methods 
and procedure for making cross-bedding meas- 
urements in eolian sandstones became evident 
when Bigarella was working on the Colorado 
Plateau, in Arizona, in 1952. Later, while 
working on the Furnas sandstone (Lower De- 
vonian) on the second plateau in the State of 
Parana, Brazil, the difficulties of obtaining ac- 
curate measurements by the usual methods be- 
came much more acute because the outcrops 
were badly weathered. Since chemical weather- 
ing is highly conspicuous in southern Brazil and 
neighboring countries, and since an extensive 
program of cross-bedding measurements was 
planned over the whole area in which the 
Botucatti sandstone is exposed, a new device 
for facilitating such measurements in difficult 
outcrops was designed and built. 


Description of the Instrument 


The instrument (Fig. 1) consists of a square 
aluminium plate 20 cm wide and 2 mm thick. 
Three spears 30 cm long are free to slide through 
holes in screw heads which are fixed along a line 
parallel to one side of the plate and free to turn 
around an axis perpendicular to the plate. Thus 
the points of the spears can take up positions 
in a plane parallel to the base plate. A table sits 
on the base plate and can be rotated around a 
point near the center of the base plate. The 
table is fitted with a spirit level, a compass of 
the Silva type, and a clinometer. The instru- 
ment is entirely constructed of nonmagnetic 
materials (Bigarella and Salamuni, 1958). 
Working Principle 

Three noncollinear points in the outcrop of 
the bedding plane are chosen to define the 
bedding plane. The ends of the spears are ad- 
justed to touch the chosen points, and the base 
plate then lies in a plane parallel to the bedding 
plane. The strike and dip of this can then be 
measured with the level, compass, and clinom- 
eter. 


Examples of Use 


Reliable readings have been taken at the rate 
of about 35 in 30 minutes in the better out- 
crops and 40 readings in 2 hours in outcrops 
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which were considered poor. To date, 289 
measurements have been made in Botucat) 
sandstone outcrops in the States of Ming 
Gerais, Sao Paulo, Parana, Santa Catarina, and 
Rio Grande do Sul in Brazil and in the northem 
part of Uruguay. 

According to some geologists (Reiche, 193§. 
McKee, 1940), a minimum number of 30 read. 
ings for each place is thought desirable. This 
number has been obtained for most of the sites 
studied, but in a few localities it was not pos- 
sible to make 30 readings. 





Figure 1. Sketch of a new instrument for taking 
cross-bedding measurements 


McKee, Evensen, and Grundy (1953, p. 26) 
state that 30 readings were sufficient to de 
termine the average dip direction in every lim 
ited geographic locality they investigated on 
the Colorado Plateau. 

Readings have been taken in 51 sites 10-0 
km apart, as a rule, over a sandstone outcrop 
of 2500 km (between lat. 18°30’ and 32° S., and 
between long. 47°20’ and 56° W.). In some 
places the distances between the sites were a 
much as 80 km or even 200 km. The latter is 
the distance between the Sao Carlos and Rifaim 
sites; about 20 scattered readings were mate 
between these two sites. At several outcrops 
70-165 readings were taken. Most of the cros 
bedding measurements were made at localities 
where the regional dip was less than 5°. Mea 
urements made where the regional dip was 
greater than 5° were corrected by means of2 
stereonet. 

The writers studied the Botucati sandstone 
beds according to their stratigraphic position, 
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relevant to the lava flows of the Sao Bento 
gries. Thus, this sandstone is referred to as 
infratrap or intertrap. 

The complete survey of cross-bedding meas- 
urements of the Botucatti sandstone eastern 
outcrop was made in about 63 days of field 


work. 
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SURVEY OF THE BOTUCATU 
SANDSTONE 


General Geology 


The measurements of sandstone were made 
on the Early Mesozoic Botucatti sandstone of 
the Sao Bento series. 

The outcrops of this sandstone have a wide 
distribution around the Paranda sedimentary 
basin, generally at the foot and in the front of 
a Mesozoic escarpment, usually known as the 
Serra Geral escarpment. Here the rock crops 
out continuously for about 2500 km. 

The Botucatti sandstone is overlain and in- 
terbedded with basic lava flows of the Serra 
Geral eruptives, which constitute the widest 
lava field known in the world, covering more 
than 1,200,000 square km. The outcrop of the 
sandstone is fairly continuous along the eastern 
margin of the sedimentary basin, but it is not 
known whether or not it makes up a continuous 
layer below the lavas. A well drilled in the cen- 
tral northern part of this basin reached the 
Botucatii sandstone under lava 1000 m thick. 

As shown by the extension of the outcrops, 
the Triassic desert area could have been 14% 
million square km or more, if erosion of the 
marginal layers of the basin is ignored. 

The Botucatti sandstone outcrops in the 
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Gerais, Sao Paulo, Parana, Santa Catarina, and 
Rio Grande do Sul, as well as in parts of Uru- 
guay and Paraguay. In Uruguay its local name 
is Tacuarembé sandstone. 

The Botucatiéi sandstone was originally de- 
scribed in Sao Paulo by Gonzaga de Campos 
(1889) and included all large-scale cross-strati- 
fied sandstone units intercalated with or under- 
lying basaltic lava flows. Another sequence con- 
taining large-scale cross-stratified sandstone 
overlying basaltic flows is in the States of Sao 
Paulo and Parana. Some authors have termed 
it the Caiuaé sandstone (Washburne, 1930; 
Maack, 1941), but others (Almeida, 1954, p. 
2-7) consider it to be a continuation of the 
Botucatti sandstone. 

The large-scale, cross-stratified facies of the 
Botucatti sandstone, considered eolian, is in 
some places associated with another facies be- 
lieved to be fluviatile, which Joviano Pacheco 
(Washburne, 1930, p. 58) named Piramboia 
facies, after the type locality of the same name 
in the State of Sao Paulo. This facies of prob- 
able fluviatile origin in most places occurs be- 
low the part of the Botucatti sandstone consid- 
ered eolian and probably represents deposition 
from periodic rivers in small basins without out- 
let, a feature common in some modern deserts. 
Another supposed fluviolacustrine sequence, 
which is interbedded with the large-scale cross- 
bedded part of the Botucatti sandstone in a 
few places, has been named the Santana facies 
by Almeida and Barbosa (1953, p. 64). 

Facies believed to be fluviatile are relatively 
common in the lowermost part of the Botucatit 
sandstone in the northern outcrops in the States 
of Sao Paulo and Minas Gerais. However, in 
the southern outcrops of the Botucatti sand- 
stone in Santa Catarina, Rio Grande do Sul, 
and Uruguay, facies with fluviatile character- 
istics in the lower part of the formation are 
much less common and locally are absent. The 
decrease in extent of such facies from north to 
south is progressive from the northern out- 
crops to Porto Uniao at the border of the States 
of Santa Catarina and Parana. 

In most places the Sao Bento series rests un- 
conformably on the Permian Passa Dois series, 
but locally it overlies the Triassic Santa Maria 
beds, and, in northern outcrops such as those 
at Rifaina (Sao Paulo) and in Minas Gerais, it 
directly overlies Precambrian metamorphic 
rocks. 

The thickness of the Botucatt sandstone is 
highly variable. Thicknesses ranging from 50 
to 100 m are common; some thicknesses are 


more than 300 m. Almeida and Barbosa (1953, 











p. 61) record a thickness of 320 m for the Botu- 
catti sandstone north of Sao Pedro in the State 
of Sao Paulo. However, they found the average 
thickness to be approximately 250 m. 

Additional discussions and interpretations of 
the stratigraphy and nomenclature of the Sao 
Bento series and the Botucatt sandstone are 
given by Washburne (1930), Gordon (1947, p. 
13), Maack (1947, p. 121), Almeida and Bar- 
bosa (1953, p. 58-72), Scorza (1952, p. 54-56), 
and Almeida (1954, p. 2-7). 


Texture and Structure 


The grain size of the Botucatt sandstone 
ranges between fine and medium; locally the 
rock is coarse-grained. Studies of the size dis- 
tribution of the Botucatti sandstone at various 
localities in its depositional basin have been 
made by Bigarella (1949, p. 212), Almeida 
(1954, p. 14-15), and Carvalho (1954, p. 56- 
59). 
Bigarella (1949, p. 212) concludes that the 
median diameter of the Piramboia facies (con- 
sidered fluviatile) of the Botucatiéi sandstone is 
generally coarser than that of the facies that is 
believed to be eolian. The median diameter of 
the former ranges between 0.123 mm and 0.959 
mm; that of the latter ranges between 0.125 
mm and 0.250 mm. 

Ventifacts commonly are scattered along 
some horizons of the Botucatti sandstone. These 
ventifacts are pitted, generally well faceted, and 
have the appearance of dreikanter. Most of the 
ventifacts were collected at Santa Maria, Santa 
Cruz do Sul, and Montenegro in the State of 
Rio Grande do Sul. 

Cross-bedding of typical eolian type is one 
of the most outstanding sedimentary structures 
of the Botucatti sandstone and is abundant in 
almost all outcrops. In 2892 measurements of 
cross-bedding in the supposed eolian part of the 
Botucatti sandstone, dip slopes never exceeded 
33° on those slopes believed to have formed on 
lee sides of ancient dune structures, and dips 
of about 20° are common. Most of the former 
dunes of the Botucatti desert were barchan- 
shaped. This is suggested by the present shapes 
of the cross-strata sets in the part of the Botu- 
catti sandstone considered eolian. The size of 
the sets of cross-strata ranges from small to 
large in the same geologic section, which indi- 
cates that dune sizes were extremely varied. 
Large sets of cross-strata with lengths in excess 
of 100 m and heights of about 12-15 m occur 
in many localities. 

Bagnold (1954, p. 214), in his study of 
modern barchan dunes, states that ‘“The maxi- 
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mum length and width of existing dunes; 


about 400 m. The height of these very by In th 

i : were st 

dunes does not, however, increase in propo, op, 
ings, 


tion to the girth. The maximum height seem "82 W 
to be about 30 m.” The present authors dij 7 S 
not find structures indicating heights of th - 
order described by Bagnold in any of the oy.§ 
crops of cross-strata studied, possibly becauy 
the outcrops show only parts of any set of crog. 
strata. 


Source of the Sands 


The Botucatti sandstone is composed don, 
inantly of well-rounded quartz grains, which 
are generally frosted and in some cases pitted 
Feldspar grains are common (5-10 per cent), 
Heavy-mineral components have been studied 
from only a few localities. 

Carvalho (1954, p. 71) considers the source 
rock for the Botucatti sandstone to be igneou 
and to a lesser degree metamorphic, as sug 
gested by epidote, staurolite, and garnet grains 
present in some samples. 

As far as source material is concerned, hovw- 
ever, the writers believe that it is more im- 
portant to consider the sandy nature of the 
basin, over which this extensive desert de- 
veloped. Almeida (1954, p. 20) states that ‘The 
sandy nature of the basin deposits, no doubt, 
contributed to the establishment of this im 
mense sedimentary desert, not only offering 
abundant material for the dunes which had an 
open path across the very slight relief, but als 
absorbing, by infiltration, the waters which 
penetrated into the basin—a loss of superficial 
waters which was not attenuated but actually 
aggravated by the lava flows which’ inundated 
the basin.” 

The large supply of sand must have ir 
fluenced dune dimensions within the Botucati 
desert. The amount of sand in this area was 
enormous, but the origin of this tremendous 
quantity of sand is not completely understood. 


Measurements and Their Interpretation 


This paper deals especially with cross-bedding 
measurements in the Botucatti sandstone ob 
tained in the Brazilian States of Minas Gerais, 
Sao Paulo, Parana, Santa Catarina, Rio Grande 
do Sul, and Uruguay. The results are illustrated 
in Tables 1-6! (Figs. 2, 3, 4). Figure 2 show 
locality numbers. 


1 The average dip direction and the consistency ratio 
were obtained by the following formulas: 


Zsin@ V(z sin @)? + (= cos 0)? 
= cos 8° number of readings 








tan 9 = 








SURVEY OF THE BOTUCATU SANDSTONE 1093 


dune In the State of Minas Gerais two localities cate two different patterns of wind circulation. 
| = by were studied, with a total number of 220 read- Cross-strata in the infratrap sandstone indicate 
Ae fs ings, which give an average dip direction of deposition by a wind blowing from the north, 
heal di ¢,7° W. and a consistency ratio of 0.39. with a consistency ratio of 0.53; cross-strata of 
: At Sacramento, Minas Gerais (locality 2), intertrap sandstone indicate deposition by a 


‘om studies of infra- and intertrap sandstone indi- wind which blew from an almost opposite di- 
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Figure 3. Point diagram of cross-bedding dip readings from several localities between Minas 


Gerais and Uruguay. The plots represent poles of cross-bedding planes projected to the 
surface of the upper hemisphere. 
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TasLe 1. Cross-BeppING MEASUREMENTS FROM BotucaTU SANDSTONE, 
State oF Minas Gerais 
Number of Average 
Locality measure- dip Consistency Maximum Average 
ments direction ratio dip dip 
|, Patos de Minas 108 Se: 870 0.57 33° 19.3° 
2, Sacramento ; 
Intertrap ss. 39 N. 16° W. 0.41 30° 19.5° 
Infratrap ss. 73 Ss 2 3 0.53 33° 20.2° 
General results 112 S.. 6° W. 0.21 33° 20° 
State of Minas Gerais 220 & FW, 0.39 33° 19.6° 





rection—#.e., from the south-southeast with a 
consistency ratio of 0.41. At this place, the Sao 
Bento series rests unconformably on Precam- 
brian rocks and consists of, in ascending order: 
(1) 85 m of infratrap eolian sandstone, (2) a 95 
m thick lava flow, (3) an intertrap eolian sand- 
stone about 60 m thick, and (4) another lava 


In the State of Sao Paulo at 8 localities, 679 
measurements show an average dip direction of 
S. 19° W. and a consistency ratio 0.33, some- 
what lower than that of Minas Gerais. The 
State of Sao Paulo has been previously studied 
by Almeida (1954), who made 260 scattered 
readings in the Botucati sandstone over the 


flow 20 m thick. central and northeast part of the State. 














Taste 2. Cross-BeppING MEASUREMENTS FROM BortucaTU SANDSTONE, STATE OF SAO PAULO 
N umber of Average 
Locality measure- dip Consistency Maximum Average 
ments direction ratio dip dip 
3, Rifaina 45 S. 49° E, 0.24 33° 19.6° 
4, So Carlos a 29 Ss: 16° E 0.89 31° 26.8° 
b 39 S. 53° W. 0.60 30° 7 3g 
Intertrap c 38 S. 21° W. 0.71 30° 20.2° 
d 36 S. 1° W. 0.75 33° 21.9° 
e 14 S. 78° W. 0.62 33° 24.3° 
General results 156 S. 16° W. 0.61 33° 2.7° 
5. BR-33, between km 
milestones 184-192 a 20 N. 42° W. 0.62 = 15.4° 
b 48 N. 35° W. 0.60 31° 19.02° 
c 16 N. 79° W. 0.63 30° 16.4° 
\ Infratrap d 24 §. 5a. 0.21 30° 18.2° 
\ e 17 S. 48° W. 0.58 2° 18.2° 
: \ f 25 S. 20° W. 0.40 30° 17.8° 
a g 15 Ss . SW 0.76 26° 16.8° 
General results 165 N. 83° W. 0.26 31° 17.7° 
} 6. Xarqueada 19 N. 9° W. 0.45 21° 14.8° 
/ 7. Sao Pedro 36 S. BW. 0.61 30° 21.8° 
8. Torrinha 75 $7 Ie 0.77 as 22 
9. Botucati 
Infratrap a 30 S. 38° W. 0.61 30° 21.7° 
First intertrap b 33 S25 We. 0.55 30° 19.6° 
Second intertrap c 37 S. 27° W. 0.58 33° 20.4° 
General results 100 S. 38° W. 0.56 33° 20.6° 
10. Pirajé 43 N. 59° E. 0.50 33° AS 
Scattered readings 37 — — 32° 19.5° 
State of Sido Paulo 676 S. 19° W. 0.33 33° 20.3° 
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He concluded that the winds blew from the 
north. The studies made by the authors con- 
firm the results obtained by Almeida within a 
20-degree limit. 

The area of Sao Carlos-Rio Claro provides 
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as well as one site farther away (Ibaté, about 
15 km northwest from Sao Carlos) were studied. 
The results for this area indicate deposition by 
winds blowing from north-northwest and east- 
northeast and averaging north-northeast, with 
a consistency ratio of 0.61. 

The above data differ greatly from those pre- 
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The 7 sites of locality 5, although not far 
apart stratigraphically, indicate several direc- 
tions in the wind circulation pattern and may 
represent differences due to areal distribution 
or to variation in wind direction with time. 
Locality 5 shows no prevalent wind direction 
during dune deposition, as did locality 4. The 


Taste 3. Cross-BeppiINc MEASUREMENTS FROM BorucaTU SANDSTONE, STATE OF PARANA 











Number of Average 
Locality measure- dip Consistency Maximum Average 
ments direction ratio dip dip 
\. Usina Itararé 101 S. 79° W. 0.28 32° 18.6° 
12. Ribeirao Claro a 26 S. SE, 0.08 30° 18.8° 
on b 20 N. 83° W. 0.47 30° 21 3° 
eerie c 23 N. 71° W. 0.59 31° 17.7° 
d 21 Ss 3" &: 0.41 30° 19.1° 
General results 90 S. 79° W. 0.23 3 19.1° 
13. Barra das Criminosas 19 3. 20 0.64 32° 23.7° 
14, Jacarézinho 16 S. 30° W. 0.70 32° 22.4° 
5. Sao Jerénimo da Serra 33 N. 24° W. 0.16 31° 20.3° 
16. Serra do Cadeado 55 S$. 627° We. 0.51 32? 19 .3° 
17, Estrada de Guarapuava- 
rodovia velha 18 S. 64° W. 0.47 33° |e 
18, Estrada de Guarapuava- 
rodovia nova 
Infratrap a 39 S72. 0.43 it a 18.8° 
Intertrap b 20 N. 89° E. 0.27 a 19.4° 
Intertra c 28 N. 32° W. 0.37 30° 21.6° 
General results 87 N. 75° E. 0.20 32° 19.8° 
19. Cerro do Ledo 
Infratrap a 54 N. 76° E. 0.26 Es 19.6° 
Infratrap b 28 Nov2 0.27 7 18.6° 
Intertrap c 55 N. 33° W. 0.64 33° 22° 
General results 137 N. 7° W. 0:29 33° 19.9° 
20, Estrada Mallet-Pinaré 55 N. 85° W. 0.13 33° 20.3° 
21. 6 km west of Unido da Vitéria 35 N. 21° W. 0.48 27° 17° 
North group (11-16) 314 S. 65° W. 0.27 32° 19.6° 
South group (17-21) 335 N. 9° W. 0.18 33° 19.5° 
State of Parand 646 N. 73° W. 0.15 33° 19.5° 





sented from locality 5 of infratrap sandstone. 
This locality is situated about 30 km southwest 
of locality 4. It comprises 7 sites along highway 
BR 33 between km milestones 184-192. Fifteen 
to 48 readings were made in the outcrops of 
these 7 sites. Sites a, b, and c (Table 2) indicate 
winds blowing from east and southeast. Sites e, 
f, and g show winds blowing from northeast. 
Site d, with the lowest consistency ratio (0.21), 
indicates deposition by winds blowing from the 
northwest. 





mean wind direction is from the east but has a 
low consistency ratio of 0.26. 

At the Botucatt sandstone type section (lo- 
cality 9), measurements were taken from the 
infratrap sandstone and from two different in- 
tertrap sandstone units along the highway cuts 
at the escarpment of the Serra de Botucatti. In 
this survey no appreciable differences in wind 
direction are apparent between the three units. 
The prevalent wind blew from the northeast 
with a consistency ratio of 0.56. Almeida (1954, 
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p. 9), studying the Botucatti sandstone along 
the railroad cuts in this area, came to the same 
conclusion concerning mean wind direction. 
Localities 6, 7, and 8 are in infratrap sand- 
stone; locality 10 is in intertrap sandstone. 
Eleven localities were studied in the State of 
Parand; 646 readings indicate an average dip 
direction of N. 73° W. and the lowest con- 
sistency ratio (0.15) of all the Botucatt sand- 
stone along the eastern line of outcrop. The lo- 
calities of the northern group in Parana (11-16) 
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Regarding infra- and intertrap sandstones jp 
Parana, localities 18 and 19 provide data which 
indicate very different circulation patterns 
relevant to the stratigraphic position of the 
sandstone. In localities 18 and 19 the infrat 
sandstone indicates a tendency of the paleo- 
wind to blow from the southwest quadrant; the 
intertrap sandstone indicates that the winds 
generally came from the southeast. 

In locality 12 of the infratrap sandstone, the 
localities studied represent a similar strati- 











Taste 4. Cross-BEppING MEASUREMENTS FROM BotucaTU SANDSTONE, STATE OF SANTA CATARINA 
Number of Average 
Locality measure- dip Consistency Maximum Average 
ments direction ratio dip dip 
22. BR-2 (km 215) 39 N; 32° -E. 0.49 29° 18° 
23. BR-2 (km 258) 24 N.. 72°-E. 0.23 29° 18° 
24. Ponte Alta do Norte 46 S. 87° E. 0.55 32° 7a 
25. BR-2 (km 292) 34 S. 89° E. 0.47 27° 16° 
26. BR-2 (km 297) 48 N. 49° E. 0.60 32° 193° 
27. Ponte Alta do Sul 35 IN; SE; 0.57 35° 19° 
28. Lajes 72 S. 96° EF. 0.71 33° 21.5° 
29. Urubici 35 S.6L-E: 0.23 28° 193° 
30. Jacinto Machado 53 S. 81° E. 0.77 30° 21.9° 
Scattered readings 5 — _ 22” 19.4° 
State of Santa Catarina 391 N. 80° E 0.45 oi 19.46° 





show an average paleowind blowing from east- 
northeast with a consistency ratio of 0.27. This 
direction indicates a deflection toward the 
southwest of the general trend in the paleowind 
circulation obtained for Minas Gerais and Sao 
Paulo. However, in the southern group of lo- 
calities in Parana (17-21) the resultant vector 
indicates winds blowing from the south. This is 
again a deflection of the general paleowind 
trend as obtained for the Santa Catarina—Uru- 
guay region, where the mean paleowind blew 
from west-southwest. 

As a consequence of these deflections, the 
Botucatti sandstone outcrops in Parana pre- 
sent a resultant vector which is an average of 
two different trends in the paleowind system of 
the Botucatti desert. Therefore, in this State 
there was no prevalent wind circulation, but it 
may be considered a transition zone between 
two relatively definite and regular trends of 
circulation developed in the northern and in 
the southern part of Botucatti desert. 


graphic position; however, they show almost 
opposite wind directions. The cross-bedding 
shows winds blowing from the east-southeast 
and from the north. Because of the several 
mean directions obtained, the consistency 
ratio for the locality as a whole is 0.23. 

Localities 11, 13 to 17, 20, and 21 represent 
infratrap sandstones. The resultant vector of 
paleowinds in these localities does not show a 
dominant trend but indicates variation in the 
direction of paleowinds responsible for dune 
accumulation. Owing to the great changes in 
the paleowind circulation, the consistency 
ratio is low for the States of Sao Paulo and 
Parana. Water-laid deposits commonly are ax 
sociated with eolian sandstone in outcrops ex 
amined in these States. Inference is made, 
therefore, that the above-mentioned States re- 
ceived relatively large amounts of rainfall as 
compared with other parts of the Botucatt 
desert. 

In the State of Santa Catarina 391 readings 
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were taken at 9 localities; these show an average 
dip direction of N. 80° E. and a consistency 
ratio of 0.45. 

Infra- and intertrap sandstones do not pre- 
sent great discrepancies in the paleowind direc- 
tions. Infratrap localities 22 and 27 indicate 

Jeowinds blowing from south-southwest, and 
localities 28 and 30 indicate paleowinds coming 
from the west. Intertrap sandstone studied at 


1099 


ratio of all exposures studied in the Botucatt 
sandstone along the eastern line of outcrop. All 
localities studied in Uruguay are in infratrap 
sandstone. 

Additional data from the Botucatié sand- 
stone along the northern and western line of 
outcrops in Goids and Mato Grosso, Brazil, and 
in Paraguay are necessary for interpretation of 
the regional paleowind pattern. The only in- 











Tasie 5. Cross-BeppING MEASUREMENTS FROM BotucaTU SANDSTONE, 
StaTE OF Rio GRANDE DO SUL 
Number of Average 

Locality measure- di Consistency Maximum Average 
J _ Gip tency : rag 

ments direction ratio dip dip 
31. Torres 26 N. 72° E. 0.49 29° 18.1° 
32. Bupeva-Morro Azul 23 N. 71° E. 0.36 31° 22:3° 
33, Morungava-Taquara 99 Ni 7Z7E: 0.84 30° 17.6° 
34. Itacolomi 15 N. 61° W. 0.48 25° vs 
35, Sapucaia 20 N. 39° E. 0.81 31” 19.1° 
36. Novo Hamburgo 41 N. 81° E. 0.23 31° 18.8° 
37. Montenegro 40 N. 40° E. 0.69 31° 19.6° 
38. Santa Cruz do Sul 106 N. 65° E. 0.64 33° 22.6° 
39, Santa Maria 33 NN: 23° E. 0.67 i 7 2.7- 

40. Jaguari 19 MN 26 0.82 30° 18° 
41, Sdo Francisco de Assis 34 N. 40° E. 0.76 31° ye 
42. Alegrete 50 N. 67° E. 0.49 32° 23.6° 
43, Sao Carlos 48 N. 63° E. 0.68 32° 20.8° 
44, Santana do Livramento 61 S. 897 E. 0.65 30° 18.6° 
State of Rio Grande do Sul 615 N. 64° E. 0.53 33° 20.8° 





localities 23-26 show paleowinds blowing from 
the west and southwest. The stratigraphic posi- 
tion of locality 29 is not known. 

In the State of Rio Grande do Sul 615 read- 
ings were taken at 14 localities. The average dip 
direction is N. 64° E. with a consistency ratio 
of 0.53. Most of the measurements were made 
in infratrap sandstone. In one locality (42) 
study was made in intertrap sandstone; how- 
ever, the paleowind circulation is about the 
same as that determined for the infratrap sand- 
stone. There is no appreciable difference in the 
resultant vector obtained from studies made in 
different stratigraphic positions. 

In Uruguay 344 readings were taken at 7 
localities in the Tacuarembé sandstone (= Bo- 
tucatti sandstone). The average dip direction 
is N. 79° E. with a consistency ratio of 0.71. 
This area represents the highest consistency 


formation available for that area is 25 cross- 
bedding measurements made by Almeida (Per- 
sonal communication) at the Serra Camapua in 
Mato Grosso, Brazil. According to Almeida the 
cross-strata indicate paleowinds blowing from 
east-southeast in this area. 

The only cross-bedding information avail- 
able on the supratrap sandstone (also called 
Caiud sandstone) is by Washburne (1930, p. 
74), who studied the outcrops in the Parana 
river valley in the western part of the State of 
Sao Paulo, Brazil. According to Washburne the 
paleowinds blew from the northeast in this area. 


PALEOWIND CIRCULATION 


In interpreting Early Mesozoic eolian cross- 
bedding dip directions in South America, the 
authors assume that the general planetary cir- 
culation of the Earth’s atmosphere throughout 
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the past consisted of: (1) low-latitude south- 
easterly trade-wind zone, (2) middle-latitude 
westerly wind zone, and (3) a polar calm zone. 
This wind pattern applies to both northern and 
southern hemispheres and should be symmetri- 
cal around the axis of rotation. Local and re- 
gional changes in this idealized circulation pat- 
tern would be produced mainly by continents 
and their relief, as well as by daily and seasonal 
changes. The authors believe that the Botucati 
sandstone and equivalent strata were deposited 
mainly by the westerly winds and by the south- 
east trade winds. 

Modern low-latitude deserts show seasonal 
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northeast, south-north, and southeast-north. 
west, approaching the equator. 

Studies of the Botucatt paleodesert haye 
shown the existence of a critical latitude, neg 
the border between Parana and Santa Cataring 
(Fig. 5, lat. 25°-27° S.). 

The paleowind pattern indicated from crog. 
bedding measurements suggests that the 
southern hemisphere trade-wind belt extended 
farther south in early Mesozoic time than at 
present, or that the continent has drifted south. 
ward. These data seem to confirm previous 
work on paleomagnetism by Creer (1958) in 
South America. 


Taste 6. Cross-BEDDING MEASUREMENTS FROM TACUAREMBO SANDSTONE, UrRuGuUAY 











Number of Average 

Locality measure- dip Consistency Maximum Average 

ments direction ratio dip dip 
45. Rivera 46 N. 82° E. 0.75 30° 19.2° 
46. Cafiada Farrapos 75 N. 49° E. 0.70 32° 222s 
47. Sierra Aurora 44 S, Fe UE: 0.71 30° ZL. 

48. 12 km west from Tranquera 48 N. 74° E. 0.72 a 19° 
49, Gruta de los Helechos 45 N. 79° E. 0.65 aV 20.4° 
50. Bafiado de Rocha 40 S487" &. 0.86 33” 24.4° 
51. Tacuarembé 46 N. 88° E. 0.87 31° 22.2° 
Uruguay 344 N. 79° E. 0.71 a 21.2 





variations in the trade-wind pattern, since the 
continents and oceans alter the distribution of 
temperature and hence alter the atmospheric 
pressure. Paleodesert areas must have been sub- 
ject to the same deviations from the general 
trade-wind pattern. 

In certain respects, the Botucatii desert is 
similar to present trade-wind deserts, of which 
the Sahara is an example. According to Madigan 
(in Opdyke, 1958, Ph.D. thesis, Univ. Durham, 
England, p. 105) the Sahara and all other trade- 
wind deserts of the world present a distinctive 
pattern called the ‘‘wheel round,” which con- 
sists of a change in the alignment of sand dunes, 
as well as of dune movement, around an ap- 
parently critical latitude. In the northern 
hemisphere, north of this critical latitude, the 
dunes are aligned northwest to southeast; as 
that latitude is approached the dunes become 
aligned north-south, and below this latitude 
they are aligned northeast-southwest. In the 
southern hemisphere, the ‘‘wheel round’’ is 
established in an opposite direction southwest- 


Cross-bedding dip directions in the southem 
Botucati sandstone in Santa Catarina, Rio 
Grande do Sul, and Uruguay indicate paleo 
winds blowing from west and west-southwest. 
The consistency ratio is highest for Uruguay 
and progressively decreases toward Santa 
Catarina (Fig. 2). 

The paleowinds entering the southern Botu- 
catti area may have come from a high-pressure 
cell situated over the Triassic sea to the west 
(former Pacific Ocean). These west or west- 
southwest paleowinds must have been dry and 
probably blew with relatively high consistency, 
reaching the Paran4-Santa Catarina border. 
However, some cross-bedding measurements to 
the north indicate that the movement of these 
air masses was to lower latitudes. 

The present Andes Range did not exist at 
that time as a mountain system, and the paleo 
winds were free to move west-southwest to 
east-northeast. The present Andes now prevent 
wind circulation to the east. 

Cross-bedding in the northern Botucati 
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PALEOWIND CIRCULATION 


desert area, in Minas Gerais, Sao Paulo, and 
Parana, shows mean paleowind blowing from 
the north or north-northeast, deflected toward 
the west in Parana. The origin of these winds 
isdifacult to explain. Nevertheless, it is possible 
to conclude from present trade-wind patterns 
that they were deflected from easterly trade 
wind associated with a high-pressure cell to 
the northeast, across the postulated Triassic 
sea between South America and Africa (Fig. 5). 
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studied is illustrated by a schematic wind rose 
(Fig. 6) in which the length of the vector in one 
direction is roughly proportional to the number 
of poles on the polar projection, particularly 
the poles that represent high cross-strata dips. 

The present-day wind rose (Fig. 7), relative 
to the effective circulation on this part of South 
America, indicates wind patterns different from 
those verified for the Botucatti paleodesert. 
However, the comparison between the two 





oo? 
E s = Triassic limit of the continent 


W.R.L. = “Wheel round ” latitude 
































Figure 5. Inferred position of South America relative to Africa 
during Triassic-Jurassic time, based on paleomagnetic study of 
Creer (1958). The limits of the South American continent are 
shown with the ‘‘wheel round” latitude, and high- and low- 
pressure centers are indicated from cross-bedding studies. 


On the Botucati desert the southern air 
masses moved northward, leaving their traces 
mainly in Parana and Sao Paulo, and less fre- 
quently the northern air masses penetrated the 
southern areas. Through the conflict of cold air 
masses with more humid ones, the possibility of 
rainfall was greater north from Santa Catarina, 
as suggested by the presence of the subaqueous 
type of deposits of the Piramboia and Santana 
facies. These deposits at the base of or inter- 
bedded with alleged dune deposits are rather 
common in Parana and Sao Paulo, decreasing 
northward. Water-laid deposits are rare in the 
southern part of the Botucatti paleodesert. 

Location of the Parana area, with apparent 
conflicting fronts of opposed air masses, is be- 
lieved responsible for the low consistency ratio; 
however, the wind consistency appears to in- 
crease toward Minas Gerais. 

Frequency of the paleowinds in the areas 








wind roses suggests some similarities concerning 
the northern part (Paran4 to Minas Gerais). 
The present circulation includes: (1) air masses 
originated in the South Atlantic high-pressure 
cell, (2) air masses from polar origin, and (3) air 
masses of Equatorial North Atlantic origin 
(Fig. 8). The main differences are due to 
specific geologic effects, which involved geo- 
morphological features in the western part of 
the continent caused by the uplift of the 
Andes. This mountain range prevents penetra- 
tion of the winds that originated in the South 
Pacific high-pressure cell into the interior of 
the continent. 

In the Botucatti paleodesert the low-pressure 
zone was probably situated over an area com- 
prising part of northwestern Parana, western 
Sao Paulo, southern Goids, and southern Mato 
Grosso. This zone of heating would cause move- 
ment of the paleowinds around the area in a 
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clockwise movement in opposition to the 
counterclockwise movement of the _high- 
pressure cells. This movement is confirmed by 
observations in Minas Gerais, Sao Paulo, and 
Parané. Data from other areas are necessary, 
especially from the outcrops in Goids and Mato 
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Washburne (1930) also fits the general pictur. 

The position given above for the low-pressure 
area is an average that was deduced from th 
average paleowind circulation. Nevertheles, 
this center of low pressure was not stationary 
but shifted in geographic position. ; 
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Figure 6. Early Mesozoic wind frequency determined from cross- 
bedding in the Botucaté sandstone, from Minas Gerais to Uruguay 


Grosso. The only information available in Mato 
Grosso is from Almeida (Personal communica- 
tion), who measured 25 cross-strata dip direc- 
tions at Camapua. These indicate that the 
paleowinds blew from east to west. Such a 
trend would be expected at the southern part 
of the low-pressure area. The trend shown by 


In many localities, the displacement of the 
low-pressure center causes secondary winds, 
different from those of the general trend, e 
pecially winds blowing from east and southeast. 
Although a large number of readings have been 
taken, more measurements are required fora 
better understanding of the displacement of this 
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PALEOWIND CIRCULATION 


low-pressure center. It is necessary to study a 
wider geographical area, since the data pre- 
sented here deal with a narrow line of outcrops 
following the eastern exposures of the Botucatt 


sandstone. 
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Figure 7. Wind roses representing the present 
yearly wind frequency from Minas Gerais south- 
ward. See Figure 6 for names of States. 
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COMPARISON BETWEEN PALEO- 
WIND AND PALEOMAGNETISM 
DATA IN SOUTH AMERICA 


Recently, considerable data have been pub- 
lished on paleomagnetism. One point to be 
considered is whether the paleomagnetism re- 
sults are supported by other scientific studies. 
Paleoclimatology through the study of the 
eolian type of cross-bedding provides valuable 
data for interpretation of the general wind 
circulation over former deserts. This is per- 
missible if it is assumed that geomagnetic and 
rotational axes have always been coincident 
(Runcorn, 1954; 1956; Creer, Irving, Nairn, 
and Runcorn, 1958). 

Assuming that the paleomagnetic measure- 
ments are reliable indicators of the geographic 
poles throughout geologic time, it should be 
determined whether there is agreement be- 
tween the position of the poles and the paleo- 
wind data. Discussing the paleomagnetic and 
paleoclimatic aspects of polar wandering, Irving 
(1956, p. 3) states that ‘‘The paleoclimate at 
any place should be broadly consistent with the 
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Figure 8. Schematic diagram of the present wind circulation in Brazil (after 


James, 1946, p. 16-17) 


Another possible wind circulation suggested 
by some measurements in several localities 
would be the convergent circulation produced 
by local centers of high heating into which the 
winds would blow from all the quadrants. 

Still another possible type of paleowind 
circulation would be due to local relief, which 
might explain some cross-bedding data. 

In modern deserts, nearby areas may have 
almost opposite wind directions (Dubief, 1952; 
Fédorovitch, 1957). 


latitude deduced from the pole positions ob- 
tained from paleomagnetic observations at the 
same place. Thus the paleoclimatic evidence is 
vital for testing the assumption that the 
Earth’s geographic and magnetic axes have 
been coincident throughout geological time.” 
Concerning the paleowind trends Opdyke 
(1958, Ph.D. thesis, Univ. Durham, England, 
p. 212) states that ‘“The paleowind directions 
derived from a study of eolian sandstones are in 
good agreement with the pattern expected 
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from the study of modern dune movement, if 
continental drift and polar wandering of the 
amount indicated by paleomagnetism is taken 
into account.” 

All evidences gathered to date for the 
Botucatti paleodesert in relation to its latitude 
position coincide with the conclusions ob- 
tained by Creer’s (1958) studies in South 
America. The general circulation pattern ob- 
tained from cross-bedding measurements indi- 
cates that the position of South America rela- 
tive to the equator in the Triassic-Jurassic 
periods was not very different from what it is 
now; this conclusion is consistent with the 
above-mentioned _paleomagnetic _ studies. 
Creer’s (1958) pole determined from Lower 
Mesozoic rocks in South America was at 83° 
N. and 126° W. 

The paleomagnetic and paleoclimatic studies 
which have been made in many different coun- 
tries indicate a general agreement between 
paleowind data and paleomagnetic conclusions. 
The results so far obtained in the Triassic of 
Europe (Opdyke, 1958, Ph.D. thesis, Univ. 
Durham, England), in the late Paleozic and 
early Mesozoic of the western United States 
(Poole, 1957), and in the Triassic-Jurassic of 
South America point out a significant coinci- 
dence concerning the location of the ancient 
pole with respect to these continents, as indi- 
cated from paleomagnetic and paleowind evi- 
dence, if continental drift and polarwandering 
are taken into account. 


BIGARELLA AND SALAMUNI—EARLY MESOZOIC WIND PATTERNS 


CONCLUSIONS ~ 

The paleowind results obtained from ¢ ode 
bedding along the eastern line of outcrop of d 
Botucatii sandstone have shown two main wi rving 


directions during Triassic-Jurassic time in tha} e 
paleodesert. These data indicate paleowind mes 
blowing from north and north-northeast in theh aac! 
northern outcrops and paleowinds coming from} 
west and west-southwest in the southern pan| 
of that early Mesozoic desert. f 

The State of Parana probably representedajys x, 
zone of transition, where two opposing circuk-| — 
tion trends met. Study of modern low-latitudelys-x, 
deserts indicates that wind circulation under} — ; 
goes a peculiar pattern, the ‘“‘wheel round,”| 
by reaching a critical latitude (Opdyke, 1958;|poole 
Ph.D. Thesis, Univ. Durham, England). The} 1 
Botucatti sandstone cross-bedding measure-|Reict 
ments indicate that the wheel-round criticall pun 
latitude was near the border of Paran4 and 
Santa Catarina. On the basis of the position of 
this postulated critical latitude the writers 
conclude that the Botucatt paleodesert was a Wast 
low-latitude desert. The conclusions from palee 7 
wind studies in the Botucatt sandstone are’: 
agreement with the results obtained from th - 
paleomagnetic study recently reported by Mas 
Creer (1958) in the Serra Geral basalts. Creer 
concludes that the general position of South 
America during Triassic-Jurassic time was very 
near its present position. 
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Short Notes 


F, J. LUCIA 


DEDOLOMITIZATION IN THE TANSILL (PERMIAN) FORMATION 


Abstract: Lenses of lacy calcite with included dol 
omite in the calcite crystals are found in the Per- 
mian Tansill formation. The crystal form of an- 
hydrite is outlined by the distribution of these 
inclusions suggesting that the calcite has replaced 


Iniroduction 


The replacement of dolomite by calcite in 
low-temperature, low-pressure environments 
has received little attention in the American 
literature, most of which deals with the high- 
temperature breakdown of dolomite to calcite 
and periclase or brucite to form pencatites and 
predazzites or magnesium-rich hydrothermal 
solutions. Several papers in the Russian litera- 
ture, however, describe rocks called ‘‘dedolo- 
mites,” in which calcite is believed to have re- 
placed dolomite under nonmetamorphic condi- 
tions (Makhlaev, 1957). The present paper de- 
scribes a relationship in the Permian Tansill 
formation that is very similar to those described 
from Russia. Through a detailed petrographic 
analysis of the textural relations, a rather com- 
plicated postdepositional history is recon- 
structed. Evidence is presented that suggests 
that calcite has replaced anhydrite (or gypsum) 
as well as dolomite, and that this replacement 
is related to the leaching of anhydrite (or 
gypsum) from the rock. 

The Tansill formation, late Guadalupian 
(Permian) in age, is the uppermost back-reef 
equivalent of the famous Capitan reef which 
outcrops in the Guadalupe Mountains in west 
Texas and New Mexico (Newell et al., 1953, 
p. 47). The type section of the Tansill, orig- 
inally described by DeFord and Riggs (1941), 
consists of 124 feet of very finely crystalline 
dolomite, with some beds of quartz siltstone 
and sandstone. The sample described here was 
collected from unit XI of DeFord and Riggs 
(1941. p. 1718). This unit is primarily a porous, 
very finely crystalline dolomite, with lenses (up 
to2 feet by 1 foot) of a lacy network of coarsely 


anhydrite. Replacement of dolomite by calcite is 
suggested by the decrease in the number of dolo- 
mite inclusions toward the edge of the calcite 
crystals. 


crystalline calcite that lie in the bedding (PI. 
1, fig. 1). 


Petrography of the Finely Crystalline Dolomite 


Petrographic examination of the finely crys- 
talline dolomite that surrounds the lacy lenses 
shows that it has crystals up to 10 microns and 
contains scattered quartz silt grains and recog- 
nizable remains of Foraminifera, brachiopod or 
trilobite spines, gastropods, ostracods, and al- 
gae. Because these fossils were presumably de- 
posited as calcium carbonate and are now dolo- 
mite, all the dolomite is considered to be sec- 
ondary. 

The calcite is commonly in the form of dog- 
tooth spar and is interpreted as pore filling 
(Bathurst, 1958, p. 20). In most cases, the dog- 
tooth spar fills the pore space, but some of the 
larger voids (up to 5 mm) are only partially 
filled. The interparticle and intrafossil geometry 
of some of these calcite-filled voids suggests that 
they represent primary voids. A lining consist- 
ing of a single layer of 20-micron dolomite 
crystals is present between the matrix dolomite 
and the pore-filling calcite. The rest of the cal- 
cite-filled voids are fractures and irregularly 
shaped vugs that cut across the primary sedi- 
mentary fabric and are considered to be sec- 
ondary. Dolomite crystals do not line the sec- 
ondary voids (PI. 1, fig. 2), which strongly sug- 
gests that they were formed after dolomitiza- 
tion. 

The secondary vugs are believed to have been 
formed by selective leaching of replacement 
anhydrite crystals because many of these vugs 
have rectangular re-entrants and straight sides 
(similar to those illustrated in Figure 3 of Plate 
1), which resemble the crystal form of replace- 
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ment anyhdrite crystals (Murray, 1960, p. 77). _ tending into the present voids and is interpreted 
Replacement anhydrite is very common in as void filling (Bathurst, 1958, p. 20). The 
rocks of this type in the subsurface, and, al- scattered dolomite inclusions in the remaining 
though other minerals have crystal forms with calcite crystals, however, indicate that the cal. 
square corners and straight sides, anhydrite is _ cite crystals were formed by replacement. This 
by far the most common in dolomites. The pos- _ is based on the observation that, in many cases, 
sibility that the replacement anhydrite may the dolomite inclusions are too scattered to 
have been converted to gypsum before it was form a supporting framework. One example of 
leached cannot be evaluated but should be kept __ this is found in the calcite rhombohedrons (P|, 
in mind. 1, fig. 4). The centers of these crystals contain 
On the basis of these textural relationships it many dolomite inclusions, giving them a 
is suggested that the finely crystalline dolomite cloudy appearance, but the inclusions decrease 
was deposited as a fossiliferous lime mud and in number toward the edge, and the rims are 
was later dolomitized. During dolomitization, clear except for widely scattered dolomite in- 
the dolomite crystals in the lining were formed clusions, which could not have formed a sup- 
either by replacement of an original calcite porting framework. Another example is found 
cement or by actual pore filling. Some time in the relict fossil fragments; the form of the 
before or after dolomitization, anhydrite was fossil fragment is apparent because of the dis 
introduced. A period of selective leaching of _ tribution of dolomite inclusions in the calcite, 
the anhydrite followed. The last major event The fossil could not have maintained its form 
was the formation of the void-filling calcite. without some support. 
From these observations, it is concluded that 
the calcite with dolomite inclusions is nota 
The lacy calcite lenses are composed of calcite simple cement but must have replaced a pre 
crystals ranging from 0.1 to 1 mm and contain- vious supporting material. Dolomite has not 
ing many inclusions of finely crystalline dolo- replaced the calcite because (1) the finely crys 
mite (crystal size less than 10 microns). An __ talline dolomite surrounding the lenses and the 
oscillation X-ray photograph of a single calcite included dolomite are similar, (2) dolomite is 
crystal shows powder rings from very fine, concentrated in the center of many of the cal 
randomly oriented dolomite crystals in addi- cite crystals, and (3) there are no euhedral dol- 
tion to the spots from the calcite crystal. The omite rhombs so commonly seen when dolo 
dolomite inclusions outline organic forms simi- mite replaces coarsely crystalline calcite. 
lar to those in the surrounding dolomite, sug- The material replaced by the calcite was 
gesting that the lenses were originally similar most probably dolomite or anhydrite, or both. 
to the enclosing sediment. Small amounts of The former presence of anhydrite is indicated 
quartz silt scattered throughout the calcite as _ by relict forms, outlined by the included dole 
inclusions support this interpretation. mite, that show rectangular re-entrants and 
Some of the calcite in the lacy network is in straight sides (Pl. 1, fig. 5). These forms are 
the form of inclusion-free dogtooth spar ex- similar to the calcite-filled vugs in the finely 


Petrography of the Lacy Calcite Lenses 





PLATE 1. TEXTURAL RELATIONS OF DOLOMITE AND CALCITE 


Ficure 1. Hand specimen showing the lacy network of coarsely crystalline calcite (upper) grading into vuggy, 
finely crystalline dolomite (lower). X% 

Ficure 2. Photomicrograph of a circular organic form (alga?) in finely crystalline dolomite with the inner wall 
lined with a single layer of 20-micron dolomite crystals (shown by arrows). The rest of the interior is filled with 
sparry calcite. Three fractures filled with calcite extend from the organic form and do not have dolomite crystal 
lining the walls. X 130 

Ficure 3. Photomicrograph of a relict anhydrite crystal showing straight sides and rectangular re-entrants 
(shown by arrows). The space once occupied by the anhydrite is now occupied by sparry calcite, and the surround- 
ing material is composed of calcite crystals with numerous dolomite inclusions, resulting in the cloudy appearance. 
X50 

Fricure 4. Photomicrograph of calcite rhombohedrons with cloudy centers and clear rims. The cloudy centers 
are due to inclusions of dolomite, which decrease in number near the edge of the crystal. 130 

Ficure 5. Photomicrograph of a large single calcite crystal with dolomite inclusions (cloudy areas) and the out 
line of a relict anhydrite crystal showing rectangular re-entrants (shown by arrows). The number of dolomite it- 
clusions decreases near the edge of the calcite crystal. Crossed nicols. X50 
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SHORT NOTES 


crystalline dolomite surrounding the lenses and 
are also believed to have been formed by re- 
placement anhydrite. Dolomite inclusions oc- 
casionally occur within the relict outlines of the 
anhydrite crystals, suggesting that anhydrite 
was replaced by calcite, because the inclusions 
do not form a supporting framework. Replace- 
ment anhydrite crystals commonly contain in- 
clusions of dolomite, and, if these anhydrite 
crystals were later replaced by calcite, it is 
reasonable that some of the dolomite inclusions 
"| would be retained by the replacement calcite. 

Replacement of dolomite by calcite is sug- 
gested by the presence of dolomite inclusions 
outside the relict anhydrite crystal outlines and 
by the distribution of dolomite inclusions in 
the clear rims and cloudy centers of the calcite 
thombohedrons. Therefore, it appears that both 
dolomite and anhydrite have been replaced by 
calcite. The relative amounts of anhydrite and 
dolomite replaced are difficult to determine. 

The vuggy nature of these lenses is believed 
to result from the leaching of anhydrite. As 
noted, relict outlines with the shape of an- 
hydrite crystals suggest that anhydrite was once 
present in this rock. Also, it has been suggested 
that the irregular vugs in the surrounding 
finely crystalline dolomite were formed by the 
selective leaching of replacement anhydrite. It 
is therefore logical that, if anhydrite were con- 
centrated in lenses, selective leaching of an- 
hydrite from these areas would result in an 
extremely vuggy texture. Concentrations of 
replacement and nodular anhydrite commonly 
occur in formations of this type in the sub- 
surface, 

The textural relations in the lacy calcite 
lenses indicate that their postdepositional his- 
tory is similar to that of the surrounding dolo- 
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mite, but replacement by calcite in the lenses 
can be demonstrated. The rock was deposited 
as a fossiliferous lime mud, which was later 
dolomitized, and anhydrite was introduced. A 
period of leaching of the anhydrite followed, 
accompanied by the formation of replacement 
calcite. The last major event was the formation 
of the vug-filling calcite. 


Conclusions 


Textural analysis permits the interpretation 
of a complicated postdepositional history of 
unit XI of the Tansill (Permian) formation. 
The sediment was deposited as lime mud with 
scattered fossil fragments and was later dolo- 
mitized. After deposition, anhydrite and/or 
gypsum was introduced as replacement crystals 
and also perhaps as nodules and pore-filling 
crystals. The anhydrite was selectively leached, 
forming a rock with scattered vugs and vuggy 
lenses. Replacement calcite was also formed 
after emplacement of the anhydrite. Although 
the formation of replacement calcite has been 
demonstrated only in the lacy calcite lenses, it 
may also be associated with the scattered vugs. 
The last major event was the growth of the 
pore-filling calcite. The association in both 
time and space of the lacy networks of replace- 
ment calcite with the areas of leached anhydrite 
strongly suggests a genetic relationship be- 
tween the leaching of the anhydrite and the 
formation of the replacement calcite. 
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BRAZILIAN SHIELD 


Abstract : Potassium-argon determinations on micas 
from Precambrian granitic rocks of the Quadrilatero 
Ferrifero, Minas Gerais, Brazil, suggest three ages 
of intrusion: 2400 m.y. determined from gneiss 
within the Bagao complex; 1350 m.y. from rocks 
in the northern part of the Bacao complex and also 
in a region 7 km north of nearest known Minas 
series metasedimentary rocks (Late Precambrian 
age); and 450-550 m.y. The last has been deter- 


Introduction 


Since 1946, detailed geologic mapping has 
been in progress in the Quadrilatero Ferrifero 
of the State of Minas Gerais, Brazil, by the 
Brazilian Departamento Nacional da Producao 
Mineral and by the U. S. Geological Survey, 
the latter under the auspices of the Interna- 
tional Cooperation Administration of the U. S. 
Department of State. This study has demon- 
strated the existence of four series of metasedi- 
mentary rocks, at least three of which are map- 
pable, and all separated by major unconformi- 
ties (Dorr and others, 1957; Herz, 1959, p. 99— 
104). Gneiss and granite of two distinct ages 
have been previously described, an ‘‘Archeo- 
mic” basement complex and a later grano- 
diorite (Barbosa, 1949, p. 5, 8-9). 


General Stratigraphy 


The oldest rocks of sedimentary origin in 
Brazil are known only from the region of 
Engenheiro Corréa (Herz, 1959, p. 99-100). 
They were apparently engulfed and granitized 
during an orogeny approximately 2400 m.y. 
ago (Table 1, Group I). These rocks consist 
dominantly of thin-bedded, highly quartzitic 
and feldspathic gneiss, locally containing coarse- 
grained garnet amphibolite. Because of their 
limited occurrence, they have not been 
mapped, and their detailed stratigraphy and 
regional relations are unknown. 

The oldest rocks of sedimentary origin that 





mined from (1) gneiss of the eastern part of the 
area, (2) granitized beds of the Minas series, and 
(3) granite between Minas beds and the 1350 m.y. 
granite in the western part of the area. Other ages, 
ranging between 595 and 1080 m.y., may represent 
the effects of a younger metamorphism on older 
granitic rocks that are found between the peripheral 
area of the 1350 m.y. granites and Minas meta- 
sedimentary rocks, 


have been mapped belong to the Rio das Velhas 
series, which is made up of the Nova Lima 
(lower) and Maquiné (upper) groups (Dorr and 
others, 1957, p. 15-22). The Nova Lima group 
consists of mica and quartz-mica schists with 
beds of metamorphosed iron formation, gray- 
wacke, quartzite, and other rocks. The Maquiné 
group overlies the Nova Lima with local angu- 
lar unconformity and consists of quartz-sericite 
schist, conglomerate, graywacke, quartzite, and 
other coarse clastic rocks. This series of rocks is 
probably younger than 2400 m.y. and certainly 
older than 1350 m.y. because granites of the 
latter age (Table 1, Group II) have meta- 
morphosed it. 

The Minas series overlies the Rio das Velhas 
with profound unconformity in many places. 
It comprises, from oldest to youngest, the 
Caraga, Itabira, and Piracicaba groups (Dorr 
and others, 1957, p. 22-29; Sociedade Brasileira 
de Geologia, 1958). The Caraga group consists 
largely of quartzites, phyllites, and schists, de- 
posited originally as coarse to fine clastic sedi- 
ments in a transgressing sea. The Itabira group 
is made up largely of iron formation and dolo- 
mite, laid down as chemical sediments in a shelf 
environment. The Piracicaba group is com- 
posed of a variety of metasedimentary rocks, 
including ferruginous quartzite, phyllite, dolo- 
mite, quartzite, graywacke, and metavolcanic 
and other rock types, deposited in both eugeo- 
synclinal and transgressive environments. These 


rocks are probably younger than 1350 m.y. and 


Geological Society of America Bulletin, v. 72, p. 1111-1120, 1 fig., July 1961 
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definitely older than 500 m.y. since the series 
has been variously affected by granitic rocks of 
the latter age (Table 1, Group III). 

The Itacolomi series unconformably overlies 
the Minas series (Barbosa, 1959) and is com- 
posed largely of quartzite, with some beds of 


Age Determinauon 


In an effort to learn more about the igneoys 
and orogenic history of the area, a joint pro 
gram of age determination was started in 1957, 
Systematic collecting, largely of gneisses and 




















phyllite and conglomerate. Unfortunately, it granites from the Quadrilatero Ferrifero, was 
Taste 1. Ar*®/K4 Aces or MineRats FROM Granitic Rocks, Minas Gerais, BRAzIL 

Group Specimen Mineral Per cent Age 
number number used Locality Quadrangle K  Ar®/K#® my, 
4 Biotite Engenheiro Corréa Bagao 7.55 .293 2,449 

I 311 2510 
4-2 Biotite Engenheiro Corréa Bagao 7.45 .2660 2,310 

16 Biotite Prado Lopes Belo Horizonte 4.98 117 1,360 

II Zz Biotite Itabirito Itabirito 6.20 -114 1,340 
28 Biotite Rio das Velhas Itabirito 7,a2 -0825 1,080 

.0820 1,050 

15 Biotite Morro da Pedra Belo Horizonte 4.60 .0666 895 

15-2 Biotite Morro da Pedra Belo Horizonte 4.28 .0570 80 

29 Biotite Bonga Dam Itabirito 6.88 .0642 87) 

17 Biotite Gouvéa on 7.02 .0640 860 

Muscovite 

IV 19 Biotite Santa Barbara Santa Barbara 5.94 .0597 810 
26 Biotite Salto Dam Jeceaba 5.70 .0571 7% 

3 Biotite Cachoeirado Campo  CachoeiradoCampo 6.91 -0560 760 

.0522 720 

25 Biotite Alto Maranhao Congonhas do Campo = 5.35 -0526 740 

18 Biotite Cocais road Cocais 6.03 .0485 6% 

23 Biotite Moeda road Marinho da Serra 6.94 .0410 600 

14 Muscovite Barreiro — 7.66 .0415 595 

13 Biotite Casa Branca Ibirité 6.32 .0382 550 

11 Muscovite Serra de Ouro Branco Dom Bosco 7.48 .0371 530 

21 Biotite Moeda a 5.37 .0347 514 

Ill 7 Biotite Itabira Itabira 6.63 -0355 500 
33 Biotite Bonfim road Brumadinho 6.79 20330 493 

10 Biotite Peti Reservoir Flordlia 6.67 .0314 473 

-0307 463 

24 Biotite Belo Vale Casa da Pedra 6.70 .0306 462 

6 Biotite Itabira Itabira 6.36 .0313 460 

Muscovite 6.60 .0308 450 





shows no clear-cut contact relationships to any 
dated granite but is thought to be latest Pre- 
cambrian in age. 

The most intense orogenies, on the basis of 
evidence from field work to date, were the pre- 
Rio das Velhas, the post Rio das Velhas-pre- 
Minas, and the post-Minas (post-Itacolomi?). 
Other disturbances of lesser intensities include 
a post-Nova Lima-pre-Maquiné, a disturbance 
at the beginning of and during Piracicaba time, 
and a_ post-Minas-pre-Itacolomi. Apparently 
the major granitic intrusions were associated 
with the most intense orogenies. 


done by the U. S. Geological Survey, and 
samples, weighing from 10 to 20 kilos, were 
sent to the Department of Geology and Geo 
physics of the Massachusetts Institute of Tech 
nology. The samples were crushed and concen 
trates obtained of biotite or muscovite or both. 
Ar*°/K* ratios were then determined for each 
concentrate. 

Argon analyses were by isotope dilution, 
using Ar®® as a measure of air contamination. 
Reproducibility of argon analysis is normally 
better than 3 per cent in this age range. Inter 
laboratory analyses of a standard sample and 





the i 
conte! 
errors 
more 
Pot 
flame 
ard. R 
of the 
least t 
on eac 
The 
of de: 
f. 
rable 
1959) 
newer 
San 
measu 
cate a 
bility 
sampl 
measu 
differe 
gener 
ferent 
sampl 


Granit 


Int 
form — 
west 
Itabiri 
region 
of Bel 
east 0} 
the vi 
These 
the ba 
the gr 
intrus 
thoug 
older 
The d 

I. 


II. 
Il. 
IV. 





€ igneous 
Oint pro 
1 in 1957, 
“isses and 
fero, was 

















A 

3 2,440 
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60 2,310 
7 1,360 
4° 1340 
25 1,080 
20 1,050 
66 805 
70 8% 
42 870 
40 860 
97 810 
71 7% 
60 760 
22 720 
26 740 
85 6% 
10 600 
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the independent measurement of the argon 
content of air lead us to believe that absolute 
errors of the mean in argon analysis are not 
more than | per cent. 

Potassium analyses were by Perkin-Elmer 
flame photometer using lithium internal stand- 
ard. Reproducibility between separate solutions 
of the sample is better than 1.5 per cent, if at 
least two photometric measurements are made 
on each solution. 

The ages (Table 1) are calculated on the basis 
of Ne =.985 X 10—” yr. —! and A=5.30 XK 10-? 
yt. ~! for K*. Age results given in previous 
publications (Herz and Dutra, 1958; Herz, 
1959) have been slightly modified by these 
newer constants. 

Samples 3, 4, 10, and 28 in Table | give a 
measure of the reproducibility between repli- 
cate analyses of the same mineral. Reproduci- 
bility between different minerals of the same 
sample is shown by the analyses of sample 6. A 
measure of the reproducibility of analyses of 
different samples of similar rock from the same 
general locality collected and treated at dif- 
ferent times can be obtained by comparing 
sample 4 with 4-2 and 15 with 15-2. 

Granitic Rocks of the Quadrilatero Ferrifero 

In the Quadrilatero Ferrifero, granitic rocks 
form large complexes in the following areas’: 
west of the Serra da Moeda, the region of 
Itabirito-Cachoeira do Campo, east of Caeté, 
region of Jeceaba—Congonhas do Campo, north 
of Belo Horizonte and the Serra da Piedade, 
east of Santa Barbara, north of Cocais, and in 
the vicinity of Itabira and Monlevade (Fig. 1). 
These rocks can be divided into four groups on 
the basis of the K-Ar determinations. Three of 
the groups are assigned to distinct periods of 
intrusion or formation, and the fourth is 
thought to be a hybrid group resulting from 
older rocks involved in a younger orogeny. 
The dated rocks are grouped as follows: 

I. Engenheiro Corréa granodiorite, 2400 

m.y. old 

II. Itabirito granite (also identified north 

of Belo Horizonte), 1350 m.y. old 

III. Itabira and other late granites, 500 m.y. 

old 

IV. Cachoeira do Campo and other possible 

“‘mixed”’ rocks. 


I. Engenheiro Corréa granodiorite 
The Engenheiro Corréa granodiorite is the 





! This section is based largely on Herz (1959, p. 85-93). 





1113 


oldest rock (2400 m.y.) yet determined in 
South America (Tables 1, 2, nos. 4, 4-2). It 
occupies most of the central region of the 
Bacgao complex but has not been positively 
identified anywhere outside the complex. 

Near the town of Engenheiro Corréa, the 
rock is typically dark gray, fine- to medium- 
grained (average 0.5 mm), with a weak banding 
of felsic-rich layers and a very poor foliation. 
Coarser microcline phenocrysts are scattered 
irregularly through the matrix and are slightly 
concentrated in some layers; perthite is also 
found in the groundmass. Biotite averages 
about 6 per cent in these rocks; other minerals 
include magnetite, sericite, apatite, and epidote. 
In thin section, the plagioclase is generally un- 
twinned or simply twinned with a few broad 
bands, and some grains have K feldspar rims. 
Pegmatites associated with this rock are re- 
stricted to joints and show no gradational 
features with the rock. These pegmatites con- 
sist of very coarse-grained K feldspar, finer- 
grained plagioclase, quartz, and some mus- 
covite. Associated sedimentary rocks, as roof 
pendants and xenoliths that were too mafic to 
be granitized, have been metamorphosed to 
the garnet amphibolite facies. 

There is convincing evidence that the Engen- 
heiro Corréa granodiorite originated as a rela- 
tively early, high-temperature magmatic dif- 
ferentiate: trace-element data show relatively 
low niobium and lanthanum and high strontium 
(Herz and Dutra, 1958, p. 87), the pegmatites 
contain no rare earth minerals and show no 
gradational features with the granodiorite, and 
the associated metamorphic facies are all high 
grade. 

The exact extent of this oldest rock is un- 
known. The only dated specimen is typical of a 
body that is both restricted in area and sur- 
rounded by younger granitic and metasedi- 
mentary rocks. No pegmatite minerals analyzed 
by Guimaraes and Florencio (1949, Table 3) 
from various parts of Brazil had ages even ap- 
proximating the Engenheiro Corréa age. 


Il. Itabirito granite 


The granite from Itabirito yields an Ar#?/K® 
age of 1340 m.y. (Table 1, no. 2). Rock of 
similar aspect was discovered within the Bagao 
complex around the north, west, and south 
sides of the Engenheiro Corréa granodiorite. 
Thus, the type Itabirito granite is restricted to 
the Bagao complex, as is the Engenheiro Corréa 
granodiorite, and both are surrounded by meta- 
sedimentary rocks and younger intrusive rocks. 
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A rock similar to the Itabirito granite in the 
western part of the Quadrilatero Ferrifero is 
more widespread. This rock yields an Ar*®/K“ 
age of 1360 m.y. (Table 1, no. 16) and is well 
exposed in the Prado Lopes quarry in Belo 
Horizonte. Another granite found about 4 km 
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Figure 1. Geologic map of the Quadrilatero Ferrffero 


south of Brumadinho and west of Moeda and 
Belo Vale looks like the granite of the Prado 
Lopes quarry, and the two have been correlated 
on this basis. Thus rocks of probable 1350 m.y. 
age occur north and south of the Serra do 
Curral and west of the Serra da Moeda. 

In the Bagao complex, the Itabirito granite 
is typically medium- to coarse-grained, well 
foliated, and banded with alternating. felsic- 
rich and biotite-rich layers. Augen-shaped 
phenocrysts of microcline up to 10 mm are 
common; larger phenocrysts apparently are 
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more abundant in darker layers of the granite 
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Prado Lopes suites suggest a two-fold process 
for the origin of the Itabirito and its facies: (1) 
acomplete anatexis and remobilization of parts 
of the Engenheiro Corréa granodiorite, and (2) 
the stoping, incorporation, and recrystalliza- 
tion possibly of argillaceous sediments to- 
ether with this reformed magma to form the 
various facies of the Itabirito granite. The areal 
distribution of the Itabirito-type rocks around 
the Engenheiro Corréa in the Bagao complex 
is further evidence for this mode of origin 
within the complex. Unfortunately, since the 
distribution of the older, 2400 m.y. old rock 
outside the complex is unknown, there is no 
field evidence for or against this process as a 
general mode of origin for all Itabirito-facies 
rocks, including the Prado Lopes granite. 

Granitic rocks, dated at 500 m.y., crop out 
between these older rocks and the sedimentary 
Minas series of both the Serra do Curral and 
the Serra da Moeda. The contact area of the 
two granites yields rocks of mixed ages (see 
section on Cachoeira do Campo and other pos- 
sible ‘‘mixed”’ rocks) derived by the partial re- 
mobilization of the older rock during the 500 
my. old orogeny. Mixed rocks also occur in 
the eastern part of the Bagao complex and else- 
where. 

The quarry at Barreiro (Table 1, no. 14) 
shows phenomena typical of the contact facies 
of these mixed rocks. A granite similar in ap- 
pearance to the 500 m.y. old granite crosscuts 
a granite that looks like the 1350 m.y. old 
rock, and the contact is partly gradational. The 
remobilization of the older rock during the 
later orogeny was not complete but was suf- 
ficient to allow some of the argon of the biotite 
to escape. This is the general explanation for 
the mixed ages obtained for Group IV of Table 
|, Away from the 500 m.y. old granite the con- 
tact between crosscutting dikes of the younger 
rock and the older granite becomes sharper, and 
the dikes themselves are less common; finally, 
deeper in the old granite, there are no signs of 
the younger granite. Because these mixed rocks 
have closer structural and lithologic affinities to 
the 1350 m.y. old granite than to the 500 m.y. 
dld rocks they have been shown as part of that 
dder granite on Figure 1. 


Ill. Itabira and other late granites 


The Ar*°/K “ determinations of the youngest 
granites range from 450 to 550 m.y. (Table 1, 
Group III), and the rocks are widely distributed 
both areally and in different geologic environ- 
ments in the Quadrilatero Ferrifero. The maxi- 
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mum age of this group has been set at 550 m.y. 
on the basis of geologic evidence which suggests 
that older rocks, shown in Group IV of Table 1, 
are the products of ‘“‘mixing”. Future work 
may justify moving this date back in time, thus 
putting samples 11 and 13 and other similar 
rocks into Group III. 

These late granites are well exposed in the 
northeastern part of the Quadrilatero Ferrifero 
where they form igneous-appearing plutons 
(Table 2, no. 10) and meta-igneous and meta- 
sedimentary gneisses (Table 2, nos. 6, 7) that 
according to Robert G. Reeves (oral com- 
munication) largely replace beds both below 
the Caraga group and in the Piracicaba group 
of the Minas series. All ages thus far obtained 
in that area have shown the presence of only 
these granites. Whether an older granite re- 
appears farther east, or whether these younger 
rocks continue to the coast is not known. 
Goldich and others (1957) obtained an age of 
490 m.y. on biotite from granitic gneiss along 
the coast at Rio de Janeiro about 300 km south 
of the area here considered. An age of 506 m.y. 
has been obtained by the Massachusetts Insti- 
tute of Technology laboratories for biotite from 
granite in Cagapava, Rio Grande do Sul, near 
the extreme south of Brazil. 

Elsewhere in the Quadrilatero Ferrifero, 
these young granites have replaced certain beds 
of the Minas series that were apparently 
amenable to granitization (Table 2, no. 11). In 
general, these are beds in the Piracicaba group 
whose original composition may have been 
arkose and arkosic quartzite. The ‘‘replace- 
ment” is structurally controlled as the sedi- 
mentary beds are most affected on fold axes, 
and synclines are more affected than anticlines. 
South of the Serra dos Tres Irmaos and west of 
the Serra da Moeda, the younger granites crop 
out between the 1350 m.y. old rocks and the 
Minas series of the Serras (Table 1, nos. 13, 21, 
24, 33). The younger granite commonly occurs 
in the same position northeast of Belo Hori- 
zonte, north of Sabara, and in the western part 
of the Quadrilatero Ferrifero. The young 
granite may underlie most of the area northeast 
of Belo Horizonte, east of the contact with 
1350 m.y. old granite, and also the north- 
eastern part of the Quadrilatero Ferrifero, as 
suggested by the reappearance of 500 m.y. old 
rocks in and near Itabira (Table 1, nos. 6, 7, 10). 
The exact outcrop pattern in these areas is un- 
known. 

North of Sabara, the young granite has con- 
tact metamorphosed the Minas series to the 
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staurolite-garnet zone. West of the Serra da 
Moeda, however, it was responsible only for 
metasomatic effects, including the formation 
of feldspar porphyroblasts and tourmaline- 
quartz and kyanite-quartz veins and, in places, 
4 mixed-rock selvage against the Minas contact 
(Table 1, no. 23). 

There are at least two major facies of the 
younger granites: a gneissic facies, as exempli- 
fied by samples 6, 7, 11, and 13, and a granitic 
facies (sample 10) that ranges to quartz mon- 
‘E wnitic. Throughout the Quadrilatero Ferrifero, 
the gneissic facies is dominant. It is relatively 
fine to medium-grained, generally with 
abundant augen-shaped K_ feldspar pheno- 
crysts, and in many places shows more than 
one foliation plane. The granitic facies in the 
east is coarse-grained with a well-developed 
linear structure shown by biotite clusters and 
contains abundant coarse K feldspar pheno- 
crysts as much as several centimeters in di- 
ameter. 

The granitic gneiss is extremely varied in ap- 
pearance and mineral content. Thin sections of 
samples 6, 7, 11, and 13 show the following 
range in mineral composition: quartz 25-43 per 
cent, K feldspar 25-33 per cent, oligoclase 16- 
31 per cent, white mica trace-21 per cent, 
biotite 2.4-7 per cent; common accessory 
minerals include epidote and chlorite and more 
rarely apatite, zircon, garnet, and allanite. In 
other specimens of the granitic gneiss accessory 
xenotime, a carbonate (1 per cent in one sam- 
ple), magnetite, and leucoxene are also found. 
In places these rocks appear to grade directly 
into Rio das Velhas and Minas series quartz- 
biotite schist and gneiss with no K feldspar. 

Pegmatites are common in much of this 
granitic gneiss and are composed dominantly of 
feldspars, quartz, and muscovite; the oldest 
pegmatites in Itabira also contain calcite and 
chalcopyrite. The average thickness of the peg- 
matites is only a few centimeters, but they 
pinch and swell, show indefinite boundaries in 
places, and have been folded with the gneiss. 
They are found both in crosscutting and Uit- 
par-lit relationship to the granite. 

These granitic gneisses have, in general, a low 
concentration of rare elements (Herz and 
Dutra, 1958). This may be a reflection of the 
low rare-element content of the sedimentary 
rocks that were affected by granitizing solu- 
tions. Another possible explanation is that the 
fluids themselves separated just prior to the 
pegmatitic stage when residual magmatic 
liquors of alkalic magmas are said to be im- 
poverished in most trace elements. 
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The Borrachudos granite is best developed 
in the northwest part of the Itabira quad- 
rangle, and also the area around the Peti dam 
east of Santa Barbara. Similar rocks are found 
in the northeastern part of the Monlevade 
quadrangle and in other localities of the eastern 
part of the Quadrildtero Ferrifero. According 
to J. A. Gair (written communication) it is a 
light-gray, coarse-grained poorly foliated rock 
with a strong linear structure imparted by 
alignment of elongate biotite aggregates. The 
range in mineral composition shown in thin 
sections of the Borrachudos and Peti rocks is K 
feldspar 40-47 per cent, quartz 34-43 per cent, 
plagioclase 4-18 per cent, biotite 2.44.2 per 
cent, with accessory fluorite (as much as 2 per 
cent), a carbonate, muscovite, zircon, epidote, 
allanite, leucoxene, chlorite, and possibly mag- 
netite. There are two grain-size phases of the 
rock: the dominant one with microcline 
crystals averaging as much as several centi- 
meters in length, and a finer-grained one with 
microcline about half a centimeter in length. 

Many trace elements of the Borrachudos 
granite are quantitatively similar to those of 
the granitic gneiss (Herz and Dutra, 1958), but 
for lanthanum, niobium, yttrium, and zir- 
conium the contents are much higher, and for 
barium and strontium much lower. The first 
group of elements are said to concentrate late 
in the differentiation of alkalic rock series gen- 
erally, and the second concentrate early 
(Nockolds and Allen, 1954). Thus, this rock 
seems to represent a later differentiate, but a 
comagmatic facies of the granitic gneiss. 


IV. Cachoeira do Campo and other possible 
“mixed” rocks 


Rocks that represent possible ‘‘mixed’’ ages 
have been determined in various localities of 
the Quadrilatero Ferrifero and outside the area 
near Gouvéa about 180 km north of Belo 
Horizonte (Table 1, Group IV). These rocks 
yield ages ranging from 595 to 1080 m.y. (Table 
1), and at least those from the Quadrilatero 
Ferrifero may represent facies of the 1350 m.y. 
old granite that have been involved in the 500 
m.y. old orogeny. The granite from Gouvéa 
seems to be representative of an areally re- 
stricted igneous mass, but nothing more is 
known of its geologic environment. Two typi- 
cal facies of these mixed rocks are found at 
Cachoeira do Campo and Morro da Pedra. 

The Cachoeira do Campo granite (Table 2, 
no. 3) is found on the east side of the Bagao 
complex. It looks like the Itabirito granite, ex- 
cept that the Cachoeira do Campo granite has 
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a less marked contrast between felsic and bio- 
tite-rich bands and also a weaker foliation as 
shown by oriented biotite plates. Pegmatites in 
the Cachoeira do Campo are crosscutting and 
also it-par-lit. In the granite itself microcline 
and microcline perthite phenocrysts ranging 
from 0.7 to 3.5 mm, with many inclusions of 
other minerals, replace quartz and earlier 
feldspars. 

Similarity of the trace-element suite of this 
rock (Herz and Dutra, 1958) and that of the 
Engenheiro Corréa granodiorite indicates that 
the latter was the parent of the Cachoeira do 
Campo granite as well as of the Itabirito 
granite. The close similarity of the spectro- 
graphic analyses suggests that this final re- 
mobilization to produce the Cachoeira do 
Campo granite must have taken place with 
only a little loss of basic oxides. 

The granite of Morro da Pedra in the city of 
Belo Horizonte is medium-grained and poorly 
foliated (Table 2, no. 15). Its field relations are 
not clear, but it is surrounded by contact- 
metamorphosed country rock that is at the 
biotite isograd in a region of general retrogres- 
sion of biotite to chlorite. It may actually repre- 
sent granite of 1350 m.y. age, and thus base- 
ment rock for the Minas series, that was later 
involved in a post-Minas orogeny; the net re- 
sult was a loss of argon from biotite and hence 
the ‘‘mixed” age obtained for the rock. 


Summary 


The area of the Quadrilatero Ferrifero was 
subjected to major orogeny and granitic in- 
trusion at least three times during the Pre- 
cambrian. The oldest, now taken to represent 
the close of early Precambrian time in the 
Quadrilatero Ferrifero, was about 2400 m.y. 
ago and is known in only a limited area near 
Engenheiro Corréa within the Bagao complex. 
Rocks of sedimentary origin affected by this 
orogeny are also unknown outside this limited 
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area. Rocks of this age probably existed i 
other places where they were recrystallized 
later orogenies and lost their evidence of grey 
age. 

The next major orogeny, about 1350 my, 
ago, is best known from the western part of 
the Quadrilatero Ferrifero. As a result of this 
orogeny, the Rio das Velhas series beds wer 
metamorphosed and uplifted, and a surface of 
major unconformity developed. This 135) 
m.y. date is taken to represent the end of the 


middle Precambrian in this part of the Bragilj 


ian shield. 

The last dated orogeny, about 500 m.y. ago, 
may have closed the Precambrian and mete 
morphosed the Minas series and older beds, 
Granites of this age are developed throughout 
the Quadrilatero Ferrifero but appear to k 
more extensive toward the eastern part; the 
metamorphic grade also increases eastward. 

In Rio de Janeiro, Goldich and others (1957) 
obtained an age of 490 m.y. on biotite from 
granite gneiss, and the M.I.T. laboratories ob- 
tained 506 m.y. also on biotite from granite 
from Cagapava, Rio Grande do Sul, in southen 
Brazil. The only other dates determined in 
Brazil are on minerals from pegmatites, and all 
these have been calculated from ordinary chem- 
ical determinations. These pegmatites occur 
outside the Quadrilatero Ferrifero; the older 
determinations were summarized by Johnston 
(1945) and showed orogenies at about 360 my, 
and 530 m.y. Many newer determinations were 
made by Guimaraes and Florencio (1949) and 
Peixoto and Guimaraes (1952), showing 
orogenies at about 360 m.y., 480 m.y., 550 
m.y., and 1,000 m.y. ‘ 

Elsewhere in South America, Precambrian 
granitic rocks have been dated from Colombia 
(Pinson and others, 1959). The Ar#°/K“ ages, 
both Precambrian and younger, were obtained 
from biotite and are 1210 m.y., 450 mz.y. and 
120 m.y. 
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